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Abstract 
 
Semiconductor nanowires have attracted significant attention over the past decade. InP 
nanowires, with a direct bandgap and high electron mobility, are suitable materials for 
many electronic and optoelectronic devices. Several techniques have been used to grow 
InP nanowires, and among them, selective-area metalorganic vapour phase epitaxy (SA-
MOVPE) is a versatile and powerful method owing to its advantages of being catalyst free, 
and its ability to produce position controlled nanowire arrays with high uniformity and 
excellent reproducibility, which are highly desirable for nano-scale device applications. 
This dissertation presents the growth of stacking fault-free and taper-free wurtzite (WZ) 
InP nanowires with a wide range of diameters using SA-MOVPE. This involves a 
systematic investigation of the growth conditions such as growth temperature and 
precursor flow rates. Furthermore, a detailed study revealing the fundamental growth 
mechanisms is presented, which reveals that selective area growth of nanowires does not 
necessarily lead to the pure selective-area-epitaxy (SAE) regime. There is a competing 
process between a pure SAE and a self-seeded vapour-liquid-solid mechanism, depending 
on the growth conditions and the mask opening. A comprehensive model is developed to 
combine the major features of these two mechanisms to understand the complex growth 
process.  
The optical properties of InP nanowires are studied by micro-photoluminescence (µ-PL) 
and time-resolved PL measurements. The internal quantum efficiency (IQE) of stacking 
fault-free WZ InP nanowires is quantified, with results equivalent to the best quality 2D 
layers. As a result of the excellent structural and optical quality of the nanowires, low 
threshold room temperature lasing is achieved from conventional guided modes. These 
nanowires can be transferred to different targeted substrates with high spatial accuracy 
using a nanoscale transfer printing technique. Lasing emission from the nanowires is 
maintained after the transfer, which highlights the robustness of our InP nanowires and the 
gentle nature of the transfer process.  
Doping in semiconductors is important for device applications and is thus investigated 
in this thesis. Using our newly developed optical method, doping concentration and IQE 
of the doped InP nanowires are quantified. This contact-free method can spatially resolve 
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x 
 
the doping profile along the length of the nanowire. The effect of doping on the 
morphology and crystal structure of Si-doped and Zn-doped InP nanowires are studied. It 
is found that doping favours radial growth and the nanowires remain pure WZ crystal phase 
after doping.  
Finally, this dissertation presents the design, fabrication and characterisation of axial p-
i-n InP nanowire array solar cells. Optical modelling is performed to optimise the nanowire 
array geometry to achieve good light absorption. Electron beam induced current 
measurement is used to visualize and quantify the width and position of the p-n junction 
for device optimisation. It is shown that by varying the doping profile of the solar cell 
structures, the junction position and width can be adjusted and placed towards the top of 
the nanowires, where light absorption is most favourable. Solar cell devices with good 
efficiency (up to 6%) are demonstrated with future improvement achievable after further 
optimisation in nanowire structure design and fabrication procedures.  
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Chapter 1  
Introduction 
1.1 Significance of InP nanowires 
Semiconductor materials have an electrical conductivity value between conductors and 
insulators, forming the foundation for modern electronics. Compared with common group 
IV elemental semiconductors, Si and Ge, which have indirect band-gap, most III-V 
compound semiconductors have direct band gap, which leads to much higher radiative 
recombination efficiencies. 
InP is one of the most popular III-V semiconductor materials. With direct band gap of 
1.35 eV at 300 K,1 InP is suitable for many applications, such as solar cells,2 THz 
detectors,3 etc. It is also lattice-matched with a number of other materials, such as 
In0.523Al0.477As4, In0.53Ga0.47As5, GaAs0.51Sb0.496, In1-xGaxAsyP1-y7 (x~0.47y), as shown in 
Figure 1, which means it can easily form heterostructures with all these semiconductor 
materials. Furthermore, InP has a very low surface recombination velocity and high 
electron mobility, which makes it one of the most suitable materials for optoelectronic 
devices.8 
Nanowires are one-dimensional (1D) nanostructures, with diameters typically less than 
100 nm.9, 10 The unique cylindrical geometry of nanowires has significant advantages when 
compared with conventional planar structures. For example, quantum confinement effects 
can be observed if the nanowire diameter is sufficiently small. Moreover, their high 
surface-to-volume ratio makes nanowires suitable for many applications such as sensing.11 
Their small footprints can efficiently relax the strain due to lattice mismatch and thus 
enable the formation of defect-free lattice-mismatched axial and radial heterostructures.12  
The density of surface states (dangling bonds, impurities, etc)13 has drastic influence on 
the properties of planar III-V devices and becomes even more critical in the case of 
nanowires because of their large surface-to-volume ratio. Because of the fundamental 
advantage of InP over other standard III-Vs brought by its very low surface recombination 
velocity,14 this semiconductor is a highly suitable material for nanowire-based device 
applications.  
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Figure 1.1 Band-gap/wavelength as a function of lattice constant of some common 
semiconductors. The grey region indicates the lattice constant range within 1% of InP. 15 
1.2 Techniques for fabricating InP nanowires 
InP nanowires can be fabricated by a number of methods. Top-down and bottom-up are 
two broad categories. Top-down methods start with a bulk material which will be 
selectively removed to form nanowire arrays after patterning and etching process. Because 
this method starts with bulk material, it does not have most of the advantages of nanowire 
structures such as the efficient elastic strain relaxation in the case of lattice mismatch, or 
material cost saving by using a relatively small amount of materials. Furthermore, the 
etching process introduces surface defects which may adversely affect the electrical and 
optical properties of the nanowires significantly. Considering the high surface-to-volume 
ratio of nanowires, this method requires further processing steps to remove the surface 
damage.  
Bottom-up methods grow nanowires using chemical synthesis. The properties of the 
nanowires can be controlled by varying the growth parameters during growth. Bottom-up 
methods can be separated into two main growth techniques: with and without catalysis 
assistance. The former includes vapour-liquid-solid (VLS), vapour-solid-solid (VSS), and 
the latter consists of selective-area metalorganic vapour phase epitaxy (SA-MOVPE) and 
oxide-assisted growth (OAG).16 VLS method uses a catalyst, normally a metal particle 
such as Au, to direct nanowire growth, which is most widely used for growing III-V 
semiconductor nanowires. During growth, the metallic Au particle forms a liquid eutectic 
alloy with the precursor, and the precursor precipitates at the particle-semiconductor 
Chapter 1 Introduction 
3 
 
interface to form a solid nanowire. However Au atoms may be directly incorporated into 
the nanowires grown by Au-seeded VLS growth,17 which may be detrimental to their 
optical performance.18, 19 Chemically removing Au after growth and overgrowing the 
nanowires with a larger diameter adds complexity and could compromise their optical 
quality.20 In contrast, SA-MOVPE growth of nanowires is intrinsically free of metal 
particles.21 The other advantages of selective area epitaxy (SAE) growth over VLS growth 
include the ability to eliminate tapering altogether, reduce impurity concentrations due to 
higher growth temperature, and produce nanowires with large diameters. However, 
compared with VLS growth, SA-MOVPE requires a time-consuming fabrication process 
to prepare the patterned substrates. Furthermore, it is practically difficult using SA-
MOVPE to grow ultra-sharp axial heterostructures, which is known to be achievable by 
VLS technique.22, 23 
1.3 Challenges in InP nanowire growth 
The performance of InP nanowire-based devices depends on the ability to control the 
quality of nanowires such as morphology, orientation, crystal structure, optical properties 
and electrical properties. For example, InP nanowires have been reported with pure crystal 
phase of zinc-blende (ZB)24 and wurtzite (WZ).25-27 Crystallographic defects such as twin 
planes,27, 28 stacking faults14, 29 and ZB-WZ polytypism30 have been reported in InP 
nanowires. The crystal phase directly affects the material bandgap and the optical and 
electronic properties.26, 27, 31, 32 Crystallographic defects have also been reported to 
adversely affect the nanowire properties.33-35 
Growing high quality InP nanowires has been the subject of intense research efforts in 
very recent years. Small diameter Au-seeded InP nanowires with high crystalline quality 
and limited tapering have been demonstrated by chemical beam epitaxy,25 molecular beam 
epitaxy,26 and MOVPE via VLS growth.27 However, up-scaling the diameter by using 
metal catalysts in epitaxial growth often leads to the formation of defects, including 
twinning and polytypism,36 which limits applications requiring larger diameters, such as 
photonic nanowire lasers.37 SA-MOVPE has been successfully used to grow InP nanowires 
with good quality.38 However, pure phase InP nanowires with a wide range of diameters 
grown by SA-MOVPE has not been reported and the growth mechanism for SAE 
nanowires has not been well understood.21, 39, 40 In this thesis, the growth of high quality 
InP nanowires using SA-MOVPE will be presented.  
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1.4 Techniques for growing and characterising nanowire 
doping 
Doping is necessary in most device applications to control the conductivity of the 
semiconductor and achieve low resistivity electrical contacts. The ability to precisely dope 
the nanowires is crucial for the operation of many nanowire-based devices. The traditional 
methods of doping semiconductors are diffusion and ion implantation, which have both 
been used for doping semiconductor nanowires.41-49 However, most doped nanowires are 
grown with direct dopant incorporation during the growth. The dynamics of in situ doping 
in the VLS grown nanowires are more complex and difficult than SAE nanowires because 
the phase diagram should be considered.50 It has been found that doping can strongly affect 
the structure and morphology of the VLS grown III/V nanowires.28 Furthermore, n-type 
doping of GaAs nanowires grown via VLS method are proving to be difficult because the 
amphoteric nature of silicon, which is often used for n-type doping of GaAs epilayers, is 
enhanced by the nanowire growth mechanism and growth conditions.51 Also there may be 
residual dopant in the metal catalyst when the dopant source is turned off, and thus 
resulting in doping gradient that is less abrupt.52 
SiH4,53 TESn54 and H2S,55-57 have been used as precursors for growing n-doped III/V 
semiconductors. For p-type doping, precursors such as DMZn54 and DEZn28, 53, 57-59 are 
employed. In this thesis, the precursors, SiH4 and DEZn have been used for growing n-
type and p-type InP nanowires, respectively. 
Due to their unique geometry and small size, it is very difficult to characterise doping 
concentration and doping profile in nanowires. Traditional Hall measurements on 
nanowires were firstly reported in 2012.60, 61 However, due to the complex fabrication 
process involved, it has not been widely used in nanowire doping study. Currently, the 
most common method for measuring the doping level of individual nanowire is through 
nanowire field-effect transistor (nanowire-FET),62-65 where the doping concentration can 
be estimated from the measured conductivity and field-effect mobility of nanowires. 
Terahertz photoconductivity spectroscopy technique,14, 35 nanoprobe,66 and infrared near-
field nanoscopy67 have also been carried out to study the nanowire doping. However, these 
are specialized methods and do not allow routine measurement of the doping profile across 
the nanowire. Spatially resolved Hall effect,60 cathodoluminescence60 and secondary ion 
mass spectrometry68 have been used to extract the doping profiles along the nanowire, but 
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these techniques are time-consuming with complex procedures for sample preparation. In 
this thesis, a simple method based on power dependent photoluminescence and minority 
carrier lifetime is utilised to study the doping concentration, nonradiative recombination 
velocity and internal quantum efficiency (IQE) along the length of the nanowires.69 
1.5 Nanowire based nano-devices 
Planar InP-based devices have been widely investigated and developed as optical 
communication devices and are commercially available. The unique properties of 
nanowires, such as their large surface area, small footprint and possibility to growth highly 
mismatched heterostructures not possible in 2D, make them attractive for a wide range of 
device applications, such as light-emitting diodes (LEDs),8, 70 field-effect transistors 
(FETs),29, 71, photodetectors72, 73 and single photon sources for quantum information 
processing70, 74-77 and solar cells2, 38, 78. In this thesis, two InP nanowire-based nano-devices, 
namely lasers and solar cells, have been demonstrated and investigated. 
Semiconductor nanowires provide both a gain medium and an optical cavity necessary 
for optical feedback, which have been widely used as nano-lasers.79-84 III-V semiconductor 
nanowires, such as GaAs and InP, emit in the near infrared, which is suitable for 
spectroscopy, medical diagnosis and optical data communication. However, due to the 
material quality issues, the progress to near-infrared nanowire lasers is very limited.85, 86 
Optically pumped room-temperature GaAs nanowire lasers have been reported.37, 87 
However, due to the high surface recombination velocity of GaAs, the nanowire lasers 
required passivation of an (Al)GaAs shell. On the other hand, InP has very low surface 
recombination velocity, and InP nanowire lasing from whispering gallery modes has been 
reported.30, 88 In this thesis, we demonstrate low threshold room-temperature lasing from 
conventional guided modes in pure WZ InP nanowires. 
Semiconductor nanowires are considered to be highly promising for next-generation 
photovoltaic devices due to: 1) their intrinsic antireflection effect for enhancing light 
absorption; 2) their small footprint allows efficient relaxation of the lattice-mismatched 
strain and thus enables the construction of multi-junction cells with optimal band gap 
combinations and the growth on different substrate materials such as silicon; and 3) 
significant cost reduction due to much less material usage and potential integration with 
the existing silicon-based industrial infrastructures. With a highly suitable bandgap, 
superior carrier mobility and well-developed synthesis techniques, there has been a rapid 
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progress in the development of InP nanowire solar cells. Axial p-n and n-i-p InP nanowire 
arrays grown using gold seed particles have been reported with efficiencies of 11.1% and 
13.8%, respectively.2, 78 So far, only a few studies on InP-based radial junction nanowire 
solar cells grown by SA-MOVPE have been reported, with power conversion efficiency 
up to 6.35%.38, 53 There has been no further report on SAE grown axial junction InP 
nanowire array solar cells. In this dissertation, we demonstrate the growth, fabrication and 
characterisation of axial p-i-n junction InP nanowire array solar cells by SA-MOVPE. 
Through nano-scale electron beam induced current (EBIC) technique we achieve direct 
characterisation of axial p-i-n junctions in InP nanowire solar cell structures. With further 
careful material and device characterisation, we reveal the effect of p-dopant diffusion 
during nanowire array solar cell growth. The results emphasize the importance of a 
comprehensive electrical structure and material design, providing a good guidance for 
further development of high-performance low-cost nanowire array solar cell devices. 
1.6 Thesis Synopsis 
This thesis presents a detailed study into the growth of InP nanowires by SA-MOVPE. The 
background and experimental techniques are discussed in Chapter 2.  
In Chapter 3, the growth of undoped InP nanowires is investigated. The effects of pattern 
dimensions, growth temperature, V/III ratio and total precursor flow rate on nanowire 
morphology and crystal structure are presented. Significantly, by optimising the growth 
parameters, stacking fault-free and taper-free WZ crystal structure InP nanowires have 
been successfully grown over a wide range of diameters by SA-MOVPE. In addition, the 
fundamental growth mechanisms of InP nanowires grown by SA-MOVPE are studied. 
SAE and self-seeded VLS growth mechanisms are found to co-exist under the same growth 
conditions for different diameter nanowires. There is a transition between pure SAE and 
self-seeded VLS growth mechanism, which depends on the opening diameter of the mask 
and growth conditions. A model is established which combines the major features of these 
two growth models to understand the complex growth processes and explain the non-
monotonic growth rates and long incubation times. 
The optical properties of the undoped InP nanowires such as photoluminescence (PL), 
time-resolved PL (TRPL), IQE are presented and discussed in Chapter 4. Long room 
temperature minority carrier lifetime (1.6 ns), low surface recombination velocity (161 
cm/s) and high IQE of ~50%, on par with InP epilayer, are demonstrated in pure WZ InP 
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nanowires. Room temperature InP nanowire lasers are obtained with stacking fault-free 
and taper-free undoped InP nanowires. Furthermore, a novel transfer printing technique is 
demonstrated which can precisely transfer nanowires onto heterogeneous substrates. 
Lasing emission is still achieved after the transferring, which highlights the robustness of 
our SAE InP nanowire lasers and the gentle nature of the transfer process. 
Chapter 5 presents the study on doped InP nanowires, including Si-doped and Zn-doped 
InP nanowires. A new method which combines micro-PL mapping and lifetime mapping 
data of single nanowires to extract the doping concentration, non-radiative lifetime, and 
IQE along the length of the nanowires is developed and presented. Using this method, the 
effects of pattern dimensions and various growth parameters on the nanowire carrier 
concentration, IQE and non-radiative carrier lifetime have been investigated. Both optical 
and electrical methods such as FET and four-point measurement have been used to study 
the doped nanowires.  
In chapter 6, axial p-i-n structure InP nanowire array solar cells have been grown, 
fabricated and characterised with good efficiency (up to 6%). To achieve good light 
absorption, optical modelling using finite-different-time-domain (FDTD) simulation is 
performed to optimise the nanowire array geometry in terms of height, diameter and 
spacing. The axial junctions are directly characterised by the EBIC measurement to 
facilitate direct characterisation and further optimisation of axial p-i-n junctions. 
Finally, the overall conclusions of this work and suggestions for future work are given 
in Chapter 7. 
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Chapter 2  
Background and experimental 
techniques 
 
2.1 Introduction 
This chapter describes the background and experimental methods used for InP 
nanowire growth, structural and optical characterisation as well as for InP nanowire-
based device fabrication. The text is arranged as follows. Section 2.2 discusses the 
background on nanowire crystal structure, optical properties, nanowire lasers and 
nanowire solar cells. Section 2.3 discusses experimental techniques used for this thesis. 
Section 2.3.1 and Section 2.3.2 describe the patterned substrate preparation and 
epitaxial growth technique. Section 2.3.3 and 2.3.4 outline two techniques, electron 
microscopy and photoluminescence (PL), which are used for characterising nanowire 
crystal structure and optical properties, respectively. Device fabrication and 
characterisation techniques are described in Section 2.3.5 and 2.3.6. 
2.2 Background 
2.2.1 Nanowire crystal structure 
Non-nitride III-V semiconductors have zincblende (ZB) crystal structure in the bulk 
form. While in nanowire form, non-nitride III-V semiconductors can have both ZB and 
wurtzite (WZ) crystal structures. ZB and WZ are named after the minerals “zincblende” 
(or sphalerite, one form of zinc sulphide (β-ZnS)) and “wurtzite” (a zinc iron sulphide 
mineral ((Zn,Fe)S))), which have cubic and hexagonal structure, respectively. 
Selective area epitaxy (SAE) of InP nanowires was carried along the <111> direction. 
In this direction, ZB phase InP is stacked in an AaBbCcAaBbCc… type repetitive 
pattern, while WZ phase InP is stacked in an AaBbAaBb… type repetitive pattern, as 
shown in Figure 2.1a. 
Stacking faults are crystallographic defects, which represent local interruptions of 
the regular stacking sequence. Figure 2.1(b) shows a ZB stacking fault in a WZ phase 
III-V semiconductor, which is commonly observed in SAE InP nanowires. The band 
structures of WZ and ZB are shown in Figure 2.1(c). According to the theoretical 
calculations, the bandgaps of WZ and ZB InP are 1.504 and 1.42 eV, respectively at 0 
K.1 Type II staggered band alignment has been predicted between WZ and ZB InP 
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material, which makes the ZB segment a confinement region for electrons and WZ for 
holes.2 The stacking faults can act as trapping centres for carriers and significantly 
reduce the nanowire conductivity.3 Furthermore, stacking faults can also act as 
scattering centres for carriers, which decreases the carrier mobility. Therefore, growing 
InP nanowires with perfect crystal structure is important for achieving high 
performance nanowire-based devices. 
 
Figure 2.1 Schematic of (a) zincblende (ZB) and wurtzite (WZ) crystal structures. (b) 
ZB stacking fault in WZ phase material. (c) Illustration of the band alignment of the 
WZ and ZB crystal phase InP at 0 K. Adapted from [4]. 
2.2.2 Nanowire optical properties 
In this dissertation, photoluminescence (PL) and time-resolved PL (TRPL) are used to 
characterise the optical properties of InP nanowires. When photons with energy higher 
than the bandgap of the material are incident on the material, electrons in the valence 
band of the material will be excited to the conduction band, leaving holes in the valence 
band. These electrons will relax and return to the ground state, emitting photons whose 
wavelengths are determined by the energy difference between the states through a 
radiative recombination process. PL spectroscopy is a convenient, contactless, non-
destructive (at low power density) and versatile method to study the optical properties 
and determine the electronic and impurity states in semiconductors in general, and 
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nanowires too especially via micro-PL (µ-PL), that uses a microscopy objective to 
focus the light on a small area and collect the excited emission.5  
TRPL is a variant of PL spectroscopy used to study carrier dynamics. In TRPL, 
photons from a fast pulsed laser are used to excite electrons and holes in the material. 
When these carriers recombine and emit photons, TRPL measures the rate of photon 
emission as a function of time after the arrival of the laser pulse.6 For certain 
semiconductors, the characteristic carrier lifetime is dependent on the material quality, 
dimensions and surface quality. The presence of dopants, impurities and defects will 
also affect carrier lifetime and can also be studied using TRPL.7  
From PL and TRPL experiments, three important parameters can be extracted to 
quantify the optical properties of InP nanowires, which are minority carrier lifetime 
(𝜏𝑚𝑐), internal quantum efficiency (IQE) and surface recombination velocity (SRV).  
𝜏𝑚𝑐  measures the average time which carriers spend in the excited state after 
electron-hole generation and before recombining, which is defined as 
1
𝜏𝑚𝑐
=
1
𝜏𝑛𝑟
+
1
𝜏𝑟
 , 
where 𝜏𝑛𝑟 is the non-radiative lifetime and 𝜏𝑟 is radiative lifetime of carriers.
8 𝜏𝑚𝑐 can 
be extracted by fitting the TRPL spectra with mono-exponential decays. Long 𝜏𝑚𝑐 
measured at room temperature is an indication of low defect density and good surface 
quality.  
SRV is used to specify the recombination at the surface, which can be estimated 
using the formula 
1
𝜏𝑚𝑐
=
1
𝜏𝑏𝑢𝑙𝑘
+
4𝑆𝑅𝑉
𝑑
, where τbulk is the bulk minority carrier lifetime 
and d is nanowire diameter.9 By plotting 
1
𝜏𝑚𝑐
 as a function of 
1
𝑑
, SRV can be calculated 
as the slope of the linear fit, and 
1
𝜏𝑏𝑢𝑙𝑘
 contributes only to the intercept of the plot. The 
dangling bonds at the semiconductor surface cause a high surface recombination rate, 
which leads to high SRV. Therefore, the SRV can be reduced by surface passivation, 
which ties up the dangling bonds by growing a layer on top of the semiconductor 
surface.10 
IQE is a figure of merit for the optical quality of a material and an important 
parameter for predicting the performance of optoelectronic devices. For instance, 
higher IQE will substantially decrease the lasing threshold of a semiconductor laser11 
and increase the efficiency of solar cells.12 The popular methods to quantify IQE 
include power-dependent PL at different temperatures13 and TRPL14. 
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2.2.3 Nanowire lasers 
The word laser is an acronym of Light Amplification by Stimulated Emission of 
Radiation (L.A.S.E.R.), which stands for a device that emits light through light 
amplification process based on the stimulated emission of photons.15 Electrons within 
the gain medium are excited from ground state to the upper state after optical, electrical 
or chemical excitation. When the excited electrons return to the ground state, photons 
can be emitted through two emission processes, which are spontaneous emission or 
stimulated emission. Spontaneous emission occurs spontaneously, while stimulated 
emission is induced by another photon, which then emits photons with the same 
frequency, phase and polarity as the stimulating photon. Therefore, the emitted photons 
add into the wave of stimulating photon, which increases its amplitude to achieve 
lasing.  
 
Figure 2.2 Schematic of absorption, spontaneous emission and stimulated 
emission.16 
A laser system has a gain medium, optical cavity and energy source. The gain 
medium has the property to amplify the amplitude of light’s electromagnetic wave 
passing through it. The optical cavity has two highly reflecting mirrors with one of 
them partially transmitting. Light oscillates between mirrors passing through the gain 
medium every time and emits through the transmitting mirror after attaining 
considerable amplification.  
Semiconductor nanowires are promising structures for lasers, since they provide 
both a gain medium and an optical cavity for laser oscillation.11, 17 III-V semiconductor 
nanowires, such as GaAs and InP emit in the near infrared, at wavelengths suitable for 
short distance communication applications, which are promising for the development 
of on-chip high density optical communication networks. The geometry of nanowires 
results in a natural Fabry–Pérot like cavity. It has been found that the number of guided 
modes supported, the mode confinement factor and reflectivity at end facets depends 
Chapter 2 Background and experimental techniques 
19 
 
on the nanowire diameter; and excellent material quality can significantly reduce the 
threshold carrier density. Therefore, growing InP nanowires with excellent material 
and structural quality would be an important requirement for achieving low threshold 
lasing.  
2.2.4 Nanowire solar cells 
Solar cells are optoelectronic devices which convert solar energy directly into 
electricity. Semiconductor materials with a p-n junction are the most commonly used 
materials for solar cells. When a p-type material is in contact with an n-type material, 
electrons will diffuse from high electron concentration region (n-type side) to the low 
electron concentration region (p-type side). Charges will build up around the junction 
and create an internal electric field to stop further carrier diffusion after an equilibrium 
is reached. This region where electrons and holes have diffused across the junction is 
called the depletion region, or space charge region. 
When incident photon has an energy higher than the bandgap of a semiconductor 
material is absorbed, it will generate electron-hole pairs in the semiconductor. The 
electrons and holes will be spatially separated by the electric field in the depletion 
region. The minority carrier makes it across the junction and becomes a majority carrier. 
For example, electrons which are created on the p-type could be swept onto the n-type 
side. After passing through and powering the load, electrons will reach the p-type side 
of the solar cell and recombine with holes. The generation of current in a solar cell is 
known as the “photo-generated current”.18 
The efficiency (η) is an important parameter to quantify the solar cell performance. 
η is determined as the ratio of energy output to input energy from the sun, which is 
defined as  η =
𝑉𝑜𝑐𝐼𝑠𝑐𝐹𝐹
𝑃𝑖𝑛
, where 𝑉𝑜𝑐  is open-circuit voltage, 𝐼𝑠𝑐 is short-circuit current, 
FF is fill factor and 𝑃𝑖𝑛 is input power. 𝐼𝑠𝑐 is defined as the current through the solar 
cell when the solar cell is short circuited, which depends on the effective solar cell area, 
the power of the incident light source, the spectrum of the incident light, the absorption 
and collection probability. Short-circuit current density (𝐽𝑠𝑐) is widely used to remove 
the effect of solar cell area. 𝑉𝑜𝑐 is the maximum voltage available from a solar cell, 
which occurs at zero current. 𝑉𝑜𝑐  increases as the bandgap increases, so different 
materials have different maximum 𝑉𝑜𝑐 . For the same material, 𝑉𝑜𝑐  depends on 
recombination in the solar cell, thus material quality is important for achieving solar 
cells with high 𝑉𝑜𝑐. FF is defined as the ratio of the maximum power from the solar cell 
to the product of 𝑉𝑜𝑐 and 𝐼𝑠𝑐. FF decreases with increasing series resistance (𝑅𝑠) and 
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decreasing shunt resistance (𝑅𝑠ℎ), as shown in Figure 2.3. By reducing the defects in 
the material and improving the solar cell design and fabrication, 𝑅𝑠ℎ can be increased 
and 𝑅𝑠 can be reduced, which leads to a higher FF and higher solar cell efficiency. 
Figure 2.3 (a) Equivalent circuit of a solar cell. The effect of (b) series resistance and 
(c) shunt resistance on the solar cell J-V curve.19 
Since the first practical solar cell device has been demonstrated in 1954 using 
crystalline Si with an efficiency of 6 %, improving solar cell efficiency and reducing 
the solar cell cost have been the subject of intense research efforts. Nanowires have 
been considered as a promising candidate for high performance photovoltaic devices, 
due to 1) the light absorption enhancement because of their intrinsic antireflection 
property; 2) significant cost reduction due to reduced volume of material used; and 3) 
their small footprints efficiently relaxing the lattice-mismatched strain which enables 
the growth on different substrate materials such as silicon and/or the construction of 
multi-junction solar cells with optimal bandgap combinations. Recently, 13.8% and 
15.3% efficiencies have been achieved in InP20 and GaAs21 nanowire array solar cells 
with axial p-i-n junction. It has been shown that by varying the length of bottom p+-
segment22 and the top n-segment3 the solar cell performance can be optimised, 
highlighting the importance of the junction position for efficient light absorption and 
carrier collection in nanowire array solar cells. Therefore, further optimisation in 
junction design is critical for further improving the nanowire array solar cell efficiency. 
2.3 Experimental techniques 
2.3.1 Patterned substrate preparation 
To grow InP nanowires using selective-area metalorganic vapour phase epitaxy (SA-
MOVPE), patterned substrates need to be prepared before nanowire growth. The 
central techniques, plasma enhanced chemical vapour deposition (PECVD) and 
electron beam lithography (EBL) are discussed in this section. 
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2.3.1.1 Plasma enhanced chemical vapour deposition 
To prepare patterned substrates for growing InP nanowires, 30 nm SiO2 thin film is 
deposited on InP substrates using a Plasmalab 100 Dual Frequency PECVD. Two 
power generators (13.56 MHz and 50 kHz - 450 kHz) are connected through a 
matching network to the top electrode of the reactor; the bottom electrode is grounded 
and also acts as a sample holder.23 The reacting gases which are SiH4, N2O and N2 are 
sent into the reactor and the plasma is created by radio frequency (RF) electronic 
oscillations between the two electrodes. The chemical reaction occurs after creation of 
a plasma of the reacting gases, which can be expressed as 
                                            SiH4+4N2O→SiO2+N2+H2O                                       (2.1) 
for the deposition of SiO2. The flow of SiH4, N2O and N2 are 9, 710 and 161 sccm, 
respectively. N2 is used to dilute the pure SiH4 and improve the uniformity of the 
deposition performance. The deposition processes are performed using 20 watts of RF 
power at 300 °C for 33 seconds. The total pressure during the deposition process is 
maintained at a constant value of 650 mTorr. 
2.3.1.2 Electron beam lithography 
The EBL system is a versatile system that allows the control of electron beams to write 
extremely fine patterns on a substrate covered with a resist film which is sensitive to 
electrons. Compared with photolithography, EBL has higher resolution because 
electrons have a much shorter de Broglie wavelength than photons which are used for 
photolithography, and hence can be focused into a much smaller spot compared with 
the optical beam. However, EBL is a time-consuming technique and the time for 
exposing a given area is related to the dose and the beam current, as shown in the 
following formula: 
                                            Dose×Area=Time×Current                                          (2.2) 
Dose is defined as the number of electrons per unit area used for exposure. Small doses 
might not be enough for exposing a pattern. Larger doses may lead to longer exposure 
time and might cause a proximity effect, which means the unexposed area adjacent to 
an exposed area might receive a dose due to the scattering of the beam. Therefore, a 
suitable dose needs to be chosen for exposing a certain pattern. There are two types of 
electron beam resists: positive and negative resists. When resists are exposed to 
electron beams, positive resists will be removed while negative resists will remain on 
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substrates after developing. In this thesis, a diluted ZEP-520A (ZEP-520A: 
Anisole=1:2) was used as a positive resist and all substrates were patterned using a 
Raith 150 EBL system. 
2.3.1.3 Patterned substrate preparation process 
Figure 2.4 schematically shows the processing sequence used for growing InP 
nanowires. Firstly, a 30 nm thick SiO2 layer was deposited on (111)A InP substrate by 
PECVD at 300 °C and the thickness was evaluated by ellipsometry. After SiO2 
deposition, hexamethyldisilazane (HMDS) was spin-coated at 500 rpm for 5 s and then 
at 4000 rpm for 45 s, followed by ZEP-520A resist, spin-coated using the same 
procedure. The resist was then exposed to a pattern consisting of hexagonal array of 
holes defined using the EBL system. After development of the resist, oxygen plasma 
(300 Watts, 2 min, 300 sccm O2 flow) was used to remove the footage residues of the 
resist prior to etching of the pattern in a solution of 48% hydrofluoric acid diluted in 
ammonium fluoride at a ratio of 1:45 for 75 s. ZEP stripper was then used to remove 
the ZEP and oxygen plasma was again used to clean the surface. Since the exposed InP 
surface could have been damaged during the SiO2 deposition process, 10% H2O2 was 
first used to oxidize the InP layer for 2 min. Then a clean InP surface was prepared by 
etching off the oxide layer with 10 % H3PO4 solution for 2 min.24 These steps were 
repeated sequentially for 5 times. After these trim etching procedures, the sample was 
immediately transferred into the metalorganic chemical vapour deposition (MOCVD) 
reactor for nanowire growth.25 
 
Figure 2.4 Schematic of the processing sequence used for growing SAE InP nanowires. 
(a) InP (111)A substrate with 30 nm thick SiO2. (b) The hexagonal array pattern opened 
up on SiO2 mask before nanowire growth. (c) The nanowire array grown on SiO2 
patterned substrate.25 
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2.3.2 Epitaxial growth 
MOCVD, also known as metalorganic vapour phase epitaxy (MOVPE), is a complex 
process using chemical vapour deposition method for growing crystalline layers. All 
nanowires studied in this thesis were grown using a horizontal flow AIXTRON 200/4 
MOCVD reactor. Figure 2.5 shows the schematic illustration of this system. The 
MOCVD reactor consists of two major components: the reactor gas delivery system 
and the reaction chamber. The reactor delivery system includes stainless-steel tubing, 
automatic valves and electronic mass flow controllers. A vent-run configuration is also 
available in the supply of carrier gases.26 During the growth, a small change in carrier 
gas flow can significantly change the source delivery. Therefore, the design of gas 
delivery system allows switching between precursor-run and vent-run manifolds with 
the same amount of gas flow to avoid carrier gas flow variation.  
 
Figure 2.5 Schematic of the Aixtron 200/4 MOCVD reactor system. 
Metalorganic precursors such as trimethylgallium (Ga(CH3)3, TMGa), 
trimethylindium (In(CH3)3, TMIn), and trimethylaluminium (Al(CH3)3, TMAl) are 
used as the precursors for the group III elements, gallium (Ga), indium (In) and 
aluminium (Al), respectively. Hydride precursors arsine (AsH3) and phosphine (PH3), 
and the metalorganic precursor trimethylantimony ((CH3)3Sb, TMSb) are used as 
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precursors for group V elements, arsenic (As), phosphorus (P) and antimony (Sb), 
respectively. AsH3 and PH3 are stored in high pressure cylinders, whereas TMGa, 
TMAl, TMSb and TMIn are stored in sealed stainless-steel cylinders held at a constant 
temperature in temperature-controlled baths. Ultra-high purity hydrogen (H2) is used 
to carry the metalorganic compounds to the reactor. The pyrolysis of the metalorganic 
precursors and hydride sources over the heated substrate leads to an idealised reaction 
to grow InP nanowires as shown in equation 2.3.         
                                               In(CH3)3+PH3→InP+3CH4                                        (2.3) 
2.3.3 Electron microscopy 
Electron microscopes use electron beams as an illumination source to create sample 
images. Due to the small diffraction limit of an electron wave, electron microscopes 
have good resolution to reveal the structural nanoscale properties of materials. When 
an electron beam interacts with the specimen, many types of signals can be produced, 
such as secondary electrons (from inelastic scattering of electrons), backscattered 
electrons (from elastic scattering), Auger electrons (electrons released due to the Auger 
effect) and X-ray (from electron transitions between orbitals). These signals can be 
measured by different equipment to characterise the specimen performances. For 
example, the X-rays can be measured by energy dispersive X-ray spectroscopy (EDX) 
to identify the elements presented in a specimen. After receiving energy from the 
electron beam, the inner shell electrons of the specimen atoms are ejected from their 
orbitals, leaving empty states. The outer shell electrons can relax to fill the empty states 
and emit characteristic X-rays. Since X-rays are emitted with energy equal to the 
energy difference between orbitals, they have unique energy for each element, which 
allows the detection of chemical composition.  
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 
are two important electron beam techniques for nanowire characterisation. SEM 
provides nanowire morphology information by applying a low energy electron beam 
and collecting the secondary or back-scattered electrons for imaging. TEM provides 
nanowire crystal structure information by applying a high energy electron beam and 
collecting the transmitted and diffracted electrons which passed through thin samples. 
Generally, the thickness of a TEM sample should be thinner than around 100-200 nm 
depending on the TEM operating conditions. For nanowires with larger diameter, TEM 
sample preparation is required to polish the sample to the required thickness. Focused 
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ion beam (FIB) is used in this thesis to prepare a TEM lamella. In this section, SEM, 
FIB and TEM will be discussed.  
2.3.3.1 Scanning electron microscopy 
SEM uses secondary or back-scattered electrons for image formation. Compared with 
optical microscope, SEM has a better resolution, larger depth of field (better 
topographical detail), and it is able to analyse sample composition. However, the 
operation of SEM is required to be under vacuum, and the sample must be conductive 
or coated with a thin conductive layer to avoid the build-up of static electrons. 
There are several different types of SEM, such as conventional SEM, variable 
pressure or low vacuum SEM, environmental SEM and EBL.27 A Raith 150 EBL and 
a FEI Helios 600 Nanolab dual beam FIB/SEM system were used to check the pattern 
on the substrates before nanowire growth and post-growth to identify the nanowire 
morphology, which includes height, diameter, facet planes and degree of tapering. 
2.3.3.2 Sample preparation for transmission electron microscopy 
 
Figure 2.6 SEM images at 52° tilt view of the TEM lamella. (a) The two trenches are 
cut. (b) The TEM lamella is polished and cut before extraction. 
For nanowires with diameter smaller than 200 nm, they can be mechanically 
transferred to carbon-coated copper grids for TEM experiment. For nanowires with 
larger diameters, FIB fabrication was used to prepare a thin TEM lamella. The FIB 
system has both electron beam and liquid metal ion beam (Ga ions) sources, and five 
gas accessories: three for material deposition (platinum (Pt), Au, SiO2) and two for 
etching enhancement (I2, XeF2). It is widely used for imaging, nano-fabrication 
(etching and deposition), material characterisation, TEM lamella sample preparation, 
electron beam induced current (EBIC) analysis and so on. Among them, TEM lamella 
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preparation and EBIC analysis using the FIB system will be discussed in this section 
and Section 2.3.6.3 respectively. 
Figure 2.6 shows the TEM lamella fabrication process. A strip of Pt is firstly 
deposited on the area of interest to protect the sample and two markers (‘X’) are etched 
next to it. Two staircase-like profiles are cut on each side of the area of interest to leave 
a thin lamella as shown in Figure 2.6a. Then the lamella is polished and trimmed away 
as shown in Figure 2.6b. The TEM lamella is then lifted out by a manipulator and 
placed onto a copper grid for TEM experiment.  
2.3.3.3 Transmission electron microscopy 
TEM is a well-established microscopy technique for studying material crystal structure, 
morphology, defects, strain and composition by applying a high energy electron beam 
and collecting transmitted or diffracted electrons which pass through the thin specimen.  
A TEM system consists of an electron gun, a condenser system, an objective system 
and a projector system. There are two main types of electron sources: thermionic 
emission or field emission. Thermionic emission generates electrons by heating 
electrons to overcome the material work function, whereas field emission generates 
electrons by supplying energy in the form of electric field in order to lower the work 
function and allow electrons to tunnel out of the source. The electron beam firstly 
passes through the condenser lens system to form a smaller size. The condenser lens 
system consists of a condenser lens, a condenser aperture and a stigmator to correct for 
residual astigmatism of the condenser lens. It controls the probe size, the convergence 
angle and the intensity of the electron beam. The condensed electron beam is incident 
on the sample and the electrons are transmitted and scattered. Then the electrons pass 
through an objective lens and form two planes: the image plane and the back focal 
plane, as shown in Figure 2.7. After that, the electrons pass through the intermediate 
lens and projector lens. By adjusting the strength of the intermediate lens to make the 
image plane (or back focal plane) become the object plane of the intermediate lens, the 
image (or the diffraction pattern) can be viewed on the screen. Figure 2.7 shows a 
simplified ray diagram of a typical TEM in (a) diffraction mode and (b) imaging mode. 
Diffraction pattern depends on two things: the material’s crystal structure and the 
incident electron beam angle. In a diffraction pattern, each diffraction spot represents 
the interplanar spacing of a unique set of planes.6 Diffraction patterns can be used to 
identify the crystal structures, ZB or WZ, in InP nanowires. Bright field and dark field 
are two main imaging modes which are used to identify the crystal structures and 
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stacking faults. Bright field images are formed using the transmitted beam, whereas 
dark field images are formed using one of the diffracted beams.6 All TEM and EDX 
experiments were carried out on JEOL 2100F TEM. 
 
Figure 2.7 Simplified ray diagram of a TEM for (a) diffraction mode and (b) imaging 
mode.28 
2.3.4 Time-resolved photoluminescence spectroscopy 
Figure 2.8 shows the experimental setup which incorporates micro-PL spectroscopy 
and a time-correlated single photon counting (TCSPC) system.29 In this arrangement a 
linearly polarized pulsed laser (frequency doubled to 522 nm, with 300 fs pulse width 
and 20.8 MHz repetition rate) is directed to the back aperture of a high numerical 
aperture (NA=0.9) objective (Nikon LU Plan 100x), via a beam splitter in order to 
create the time origin and the trigger for the emission event. PL signal is collected by 
a grating spectrometer, and then one can record the PL spectrum through a charge 
Chapter 2 Background and experimental techniques 
28 
 
coupled device (CCD) (Princeton Instruments, PIXIS). Alternatively, one can also 
detect the PL intensity decay at a chosen wavelength with a Si single photon avalanche 
diode and the TCSPC (PicoHarp 300) system with a system response of 45 ps. A 
neutral density filter wheel is used to control the laser excitation power.  
 
Figure 2.8 Schematic of the TRPL spectroscopy system. The setup consists of a 2D 
scanning stage, a 522nm (frequency doubled) pulsed laser source, external power 
control, spectrometer, TCSPC system (PicoHarp), and a high NA focusing objective. 
A nanowire sample is laid horizontally on the scanning surface. Bright field 
microscopy is used to visualize the nanowire sample, TCSPC is used to detect PL 
decay, and a grating spectrometer and a CCD array are used to record the spectrum.29 
2.3.5 Device fabrication 
2.3.5.1 Inductively coupled plasma reactive ion etching 
A Versaline LL Inductively Coupled Plasma Reactive Ion Etching (ICP-RIE) etching 
system was used for etching SiO2 and benzocyclobutene (BCB) in this work. The ICP 
system is a high density plasma etch system with two power sources, a 2 MHz ICP 
power and a 13.56 MHz RF generator. The ICP power which is connected to the top 
coil controls the plasma density by generating an RF magnetic field in the centre of the 
chamber. The RF generator which is connected through the lower electrode 
independently controls the voltage between the wafer and plasma, and hence controls 
the energy and directionality of the ions bombarding the wafer surface. With these two 
power sources, both the plasma density and energy can be controlled independently. 
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Furthermore, a self-bias DC voltage will build up on the substrate surface when the 
bias power is applied, which enables etching of both conductive and nonconductive 
materials.30 This etching system features a load-lock, a heated electrode (180°C max) 
and He-backside cooling, which allows controlled etching while maintaining low ion 
bombardment, resulting in lower plasma-induced damage.31 
In this thesis, SiO2 was etched by CHF3 gas (40 sccm) at a rate of 1 nm/sec at 20 °C 
with a processing pressure of 10 mTorr, an RF power of 60 W and an ICP power of 
400 W, while BCB was etched by SF6 (4 sccm) and O2 (20 sccm) at a rate of 2 µm/ 
min at 20 °C with a pressure of 10 mTorr, an RF power of 200 W and an ICP power 
of 1000 W. 
2.3.5.2 Deposition techniques 
There are four main deposition techniques used in the thesis, which are PECVD, 
MOCVD, sputter deposition and electron beam evaporation. PECVD was used to 
deposit SiO2 thin layer for subsequent patterning of the substrates and MOCVD was 
used for growing InP nanowires, which have been discussed in Section 2.3.1.1 and 
Section 2.3.2, respectively. The other two deposition techniques are used in device 
fabrication, and are discussed in this section. 
The sputtering system is a thin film deposition system which features microwave or 
DC sputtering. Before deposition, a gaseous plasma is first created and the ions from 
the plasma are accelerated into a target material. Then the target material is eroded and 
neutral particles are ejected after receiving the energy of the incoming ions. The ejected 
neutral particles will travel in a straight line in the vacuum system. The sample placed 
in the path of the ejected neutral particles will be coated with a thin film of the target 
material.32 An AJA sputter coater system was used for sputtering transparent contact 
indium tin oxide (ITO) for EBIC measurement and the fabrication of nanowire array 
solar cells. This system also features glancing angle with six guns available and co-
sputtering from two targets.33 
Electron beam evaporation is a high vacuum deposition technique whereby a beam 
of electrons is used to heat the source material to above its melting temperature, 
facilitating its deposition as a thin film. Compared with thermal evaporation, electron 
beam evaporation has a number of advantages.34 Firstly, the film deposited using 
electron beam evaporation has higher density and better adhesion compared to that 
deposited by thermal evaporation. Furthermore, electron beam evaporation brings 
lower degree of contamination into the deposited thin layer, because it only heats the 
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source target instead of the whole crucible. In addition, electron beam evaporation has 
fast deposition rate compared with thermal evaporation. A Temescal BJD 2000 
Electron Beam Evaporator system was used in this thesis to deposit Ti and Au for solar 
cell fabrication. 10 nm Ti and 200 nm Au were deposited at room temperature with 
base pressure of 5×10-6 Torr, filament current of 30 A and emission current of 338 mA.  
2.3.6 Device characterisation 
2.3.6.1 I-V measurements 
Dark I-V measurements are not only basic measurements to verify that the electronic 
devices are functional, but can also provide valuable information on the diode 
properties of solar cell devices such as 𝑅𝑠, 𝑅𝑠ℎ and ideality factor. I-V measurements 
at 1 Sun are used to study the performance of solar cell devices and obtain key 
parameters such as 𝐽𝑠𝑐, 𝑉𝑜𝑐, FF and η. A Class A 150 W Newport solar simulator was 
used to perform IV measurements of the InP nanowire array solar cells. Figure 2.9 
shows the schematic of a solar simulator which consists of a 150 W Xenon lamp, an 
elliptical reflector, two mirrors, a shutter, a spectral correction filter and a collimating 
lens.  
 
Figure 2.9 Schematic of Class A 150 W Newport solar simulator used to perform I-V 
measurements.35 
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2.3.6.2 Four-point probe measurement 
Four-point probe measurements and gate measurements with nanowire field effect 
transistor are the most common electrical method for measuring the doping 
concentration of semiconductor nanowires, where the doping concentration can be 
estimated from the measured nanowire conductivity and field-effect mobility.36, 37 
Compared with two-probe measurement, which is affected by the contact resistance, 
four-point probe measurement provides more accurate reading on the nanowire 
resistance. In this thesis, four-point probe measurement technique is used for obtaining 
the resistivity of Si-doped InP nanowires. As the name suggests, four-point probe 
measurement requires four electrical contacts on a single nanowire. The four-point 
probe setup for measuring nanowire resistance is shown in Figure 2.10. The voltage 
between the two side terminals is measured when a constant current is running through 
the end terminals. The contact resistance can be ignored because the current through 
the two end terminals is assumed to be without loss which means no current runs 
through the two side terminals. The nanowire resistance is immediately extracted from 
the potential difference between the two side terminals from Ohm’s law. The resistivity 
can be extracted after measuring the nanowire diameter and the length between two 
side terminals. 
 
Figure 2.10 Configuration for a four-point probe measurement. 
2.3.6.3 Electron beam induced current 
EBIC measurement is best understood by analogy: in a solar cell, photons are incident 
on the cell, thus delivering energy and creating electron hole pairs, and cause a current 
to flow. In EBIC, energetic electrons take the role of photons, causing an EBIC current 
to flow, as shown in Figure 2.11. However, due to the very small diameter of the 
electron beam, it is able to offer a nanoscale resolution to resolve depletion regions in 
nanowire solar cell structure38 and has been used for direct imaging of p-n junction in 
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core-shell GaN wires.39 For EBIC measurements, ITO was deposited on top of the 
nanowire array by glancing angle sputter coating. Then the sample was mounted onto 
a conducted sample holder which was electrically connected to the FIB system.  
 
Figure 2.11 Schematic of electron beam induced current system.40 
2.4 Summary 
This chapter introduced the general background of nanowire crystal structure, optical 
properties, nanowire lasers and nanowire solar cells. The experimental techniques 
related to patterned substrate preparation, nanowire growth, nanowire characterisation, 
device fabrication and characterisation were briefly discussed in this chapter. In 
summary, PECVD and EBL were used to pattern the substrates for nanowire growth. 
MOCVD was used to grow the InP nanowires, while SEM, TEM, PL and TRPL were 
used to characterise structural and optical properties of the nanowires. ICP-RIE, sputter 
deposition, electron beam evaporation, I-V measurement, four-point probe 
measurement, EBIC and spectral response measurement were used for device 
fabrication and characterisation. 
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Chapter 3  
Growth of undoped InP nanowires 
3.1 Introduction 
InP nanowires, being a direct bandgap semiconductor with very low surface 
recombination velocities,Rosenwaks, et al.1 is highly relevant as a platform for 
nanoscale optoelectronic devices.2-4 However, material quality and dimension control 
issues for InP nanowires still remain as the main challenges, preventing them from 
even matching the quality and the efficiency of their planar counterparts. Therefore, 
growing high quality InP nanowires has been the subject of intense research efforts.5-8 
Considering most nanowire devices require ensembles of position-controlled 
nanowires with the highest spatial homogeneity,3, 9 selective area epitaxy (SAE), 
involving a patterned mask substrate that directs one-dimensional growth, has emerged 
as a natural candidate to provide highly regular arrays of nanowires with perfect 
vertical yield.10, 11 However no report has so far shown diameter-independent crystal 
phase perfect InP nanowires, with perfectly controllable dimensions in taper-free 
nanowire arrays, which would be necessary for covering a wide range of device 
applications.  
In this chapter, the successful SAE of stacking fault-free wurtzite (WZ) InP 
nanowires is demonstrated for a wide range of diameters, varying from 40 to 600 nm.12 
The effect of growth parameters such as growth temperature, V/III ratios and total 
precursor flow rate on nanowire morphology and crystal structures is studied in detail. 
Furthermore, a comprehensive growth study reveals that fundamental growth 
mechanisms of pure WZ InP <111>A nanowires can differ significantly from the 
simple picture of a facet-limited selective area growth process. A dual growth regime 
with and without metallic droplet is found to co-exist under the same growth conditions 
for different diameter nanowires. Incubation times and highly non-monotonous growth 
rate behaviours are revealed and explained within a dedicated kinetic model. 
3.2 Experiments 
To grow the InP nanowire arrays, a thin SiOx layer was first deposited on (111)A InP 
substrates and patterned using electron beam lithography (EBL) or focused ion beam 
(FIB). In EBL process, hexagonal arrays of holes were etched into the SiOx layer using 
buffered hydrofluoric acid solution (Section 3.3-3.5) or inductively coupled plasma 
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reactive ion etching (ICP-RIE) (Section 3.6). The patterning process was discussed in 
detail in Chapter 2. Once the patterned substrates are ready, they were then placed in a 
horizontal flow low-pressure metalorganic vapour phase epitaxy (MOVPE) system. 
Before growth initiation, the substrates were annealed in situ at 750 ºC for 10 min 
under PH3 ambient for desorbing surface contaminants. The growth parameters such 
as growth temperature and precursor flow rate will be specified in the text for each 
study. 
The nanowire morphology was investigated using a FEI Helios 600 NanoLab 
scanning electron microscopy (SEM) system. The crystal structure and composition of 
the nanowires were determined using both transmission electron microscopy (TEM) 
and scanning transmission electron microscopy (STEM) in a JEOL 2100F TEM 
equipped with energy dispersive X-ray spectroscopy (EDX). For nanowires with 
diameter larger than 200 nm, lamellae were prepared for TEM experiment by FIB as 
described in Chapter 2. At least 10 nanowires were studied in detail by TEM for each 
sample. 
3.3 Effect of growth temperature 
 
Figure 3.1 SEM images at 45° tilt view of the InP nanowires grown at (a) 650, (b) 700 
and (c) 730 ºC under otherwise identical growth conditions. Insets show the 
corresponding top view SEM images.  
The ensemble nanowire arrays shown in Figures 3.1a-c were grown at 650, 700 and 
730 °C, respectively. The nanowires were grown on a patterned substrate with an 
opening diameter of 200 nm and a pitch size of 500 nm. The flow rate of TMIn and 
PH3 were set at 6.07×10-6 and 4.91×10-4 mol/min, respectively, corresponding to a 
V/III ratio of 80. All samples were grown for 20 min. The average length of the 
nanowires is 2.5, 4 and 5.7 µm for the arrays grown at 650, 700 and 730 °C, 
respectively. Therefore, an increase in the nanowire growth rate with increasing growth 
temperature is observed, consistent with higher adatom diffusion length at higher 
temperatures. It is also interesting to note that the morphology of the nanowires varies 
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with growth temperature, as can be seen in Figure 3.1. The nanowires grown at 650 °C 
are tapered and have a wide distribution of diameters; the measured average diameter 
is 240 nm at the base with a tapering rate up to 25 nm/µm. These nanowires have 
triangular/ hexagonal cross-sections, as can be seen in the SEM image shown in the 
inset. They become less tapered and more uniform in diameter as the growth 
temperature increases to 700 °C (Figure 3.1b). The measured average diameter is 225 
nm at the base with a tapering rate less than 7 nm/µm. When grown at 730 °C, the 
nanowires show significantly improved uniformity in diameter (Figure 3.1c). They 
have hexagonal cross-sections with minimal tapering for a diameter of 200 nm. 
Typically, tapering is related to direct vapour-solid growth on the nanowire sidewalls 
and it has been shown that different crystal structures lead to local changes in preferred 
sidewall facets and radial growth rate, leading to different final morphologies.13, 14 
Tapered InP nanowires grown by selective-area MOVPE (SA-MOVPE) have been 
reported with polytypic structure of zinc blende (ZB) and WZ.15 In the WZ segment, 
{-2110} facets are vertical to the (111)A substrate, while in the ZB segment, {-111} 
facets are inclined 19.5° from <111> vertical direction to the InP (111)A substrate. 
Therefore, a higher proportion of ZB segments will result in a more tapered 
morphology of the nanowires. In this case, the nanowires became less tapered and more 
uniform with increasing growth temperature, which could indicate a diminishing ZB 
segments fraction with increasing growth temperature. 
Figure 3.2 shows the bright field (BF), dark field (DF) and high resolution TEM 
(HRTEM) images of nanowires grown at 650 ºC (a-c) and 700 ºC (d-f). As evident 
from the images, none of the nanowires are stacking fault-free under these growth 
conditions. Indeed, stacking faults and ZB inserts (white stripes in the DF images) are 
visible in the predominantly WZ nanowires in both cases. The density of thin ZB 
segments is 110/µm for the sample grown at 650 °C, and 22/µm for the sample grown 
at 700 °C. It is noted that only one set of twins is visible under this DF, as the DF 
condition used cannot select the two variants at the same time. It is found that the 
density of ZB segments is significantly higher at lower growth temperature.  
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Figure 3.2 (a) BF and (b) DF TEM images of a TEM lamella containing two InP 
nanowires grown at 650 °C still attached to their substrate, taken along the ZB 
[011̅]/WZ [2̅110] zone axis. The DF TEM image shown in (b) was taken by selecting 
the (1̅11) spot, characteristic of ZB structure. Therefore only the ZB crystal phase 
within the field will be highlighted. The image clearly shows the ZB segments in the 
nanowires. (c) HRTEM image of the nanowire in the region highlighted in (a). (d), (e) 
and (f) are the BF, DF and HRTEM images of the nanowires grown at 700 °C, 
respectively. 
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Figure 3.3 TEM images of typical InP nanowires grown at 730 °C with diameters of 
80 nm (a-e) and 600 nm (f-j). (a) BF TEM image of an InP nanowire with diameter of 
80 nm. (b), (c) and (d) are HRTEM images taken along [2̅110] zone axis from the top, 
middle and bottom regions of the InP nanowire shown in (a), respectively. The 
HRTEM images show that the nanowire has a WZ structure and is free of stacking 
faults. (e) SAED pattern of the nanowire shown in (a) confirming the WZ phase. (f) 
BF and (g) DF TEM images of a typical InP nanowire with diameter of 600 nm, taken 
along ZB [011̅] /WZ [2̅110] zone axis. The diameter of the nanowire was measured 
to be 600 nm, while the hole diameter used for nucleating this nanowire was 200 nm. 
White dashed lines in (g) are a guide for the eyes, highlighting the InP nanowire. The 
TEM DF image shown in (g) was taken by selecting the (1̅11) spot, characteristic of 
ZB structure. The image indicates the absence of ZB segments along the nanowire. (h) 
SAED pattern taken on the blue highlighted area in (f). (i) HRTEM image taken along 
[2̅110]  zone axis from the green highlighted region in (f). (j) SAED pattern 
corresponding to the indexed area highlighted in orange in (g), showing both ZB (from 
the substrate, indexed in white) and WZ (from the InP nanowire, indexed in red) 
structures. 
HRTEM images taken along a nanowire grown at 730 °C with 80 nm diameter show 
a pure WZ crystal phase, evident by three HRTEM images taken from the top, middle 
and bottom sections of the nanowires shown in Figures 3.3b, c and d, respectively. The 
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WZ crystal phase was also verified by selected area electron diffraction (SAED) as 
shown in Figure 3.3e. 
Stacking fault-free WZ InP nanowires grown under this condition for nanowires 
with diameters up to 600 nm were also been demonstrated. Figure 3.3f-j shows the 
TEM images of a large diameter (600 nm) nanowire grown at 730 ºC with a V/III ratio 
of 80. The hole diameter on the mask used for nucleating this nanowire is 200 nm and 
spacing is 2000 nm (see Figure 3.3f). The nanowires have larger diameter than the 
mask opening, which is due to the larger collection area around the openings which 
allows more adatoms to diffuse towards the nanowires and contribute to lateral growth. 
The growth parameter dependence of the crystal structure of III-V nanowires grown 
via vapour-liquid-solid (VLS) has been well studied, with higher growth temperature, 
lower V/III ratio and lower molar fractions of reactants, generally leading to a 
structural transition from ZB to WZ.16, 17 It is noted that all experimental work on gold-
seeded III-V nanowires have reported an evolution of the crystal structure or defect 
density with diameter, which has been tentatively explained by various theoretical 
models.16 In addition, there have also been reports on the dependence of nanowire 
crystal structure on the array parameters (hole diameter and pitch size) in SA-MOVPE 
growth of III-V nanowires, where larger diameters of nanowires often result in fewer 
stacking faults.18 Surprisingly, no such dependence has been found in this study. 
Indeed the nanowires grown at the optimal conditions, i.e. 730 °C and V/III ratio of 80, 
remain stacking fault-free WZ for all array patterns, with diameters varying from 80 
to at least 600 nm (grown out of a 200 nm opening for the latter). As current theoretical 
understanding has not predicted the occurrence of such large pure WZ InP crystals, 
new theoretical development would be required, since large diameter, taper-free and 
stacking fault-free nanowires are required in many applications such as lasers, for 
better confinement of the photonic mode to the gain region.19, 20 
3.4 Effect of V/III ratio 
The nanowires shown in Figure 3.4a-c were grown at 730 ºC for 20 min with V/III 
ratio of 40, 80 and 160, respectively. The flow rates for TMIn and PH3 for the 
nanowires in Figure 3.4b are 6.07×10-6 and 4.91×10-4 mol/min, respectively. To vary 
the V/III ratio, only the flow rate of PH3 was halved and doubled for nanowires shown 
in Figure 3.4a and 3.4c, respectively. The diameter of the opening is 200 nm and the 
spacing is 500 nm. As shown in Figure 3.4, the morphology of the nanowires grown at 
different V/III ratios is very similar. Detailed studies on the axial and radial growth 
rate of the nanowires grown at various V/III ratios will be discussed in Section 3.6.1. 
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Figure 3.4 SEM micrographs of InP nanowires grown by SA-MOVPE at 730 ºC with 
different V/III ratios. (a-c) SEM images at 45° tilt view of the nanowires grown with 
the V/III ratio of (a) 40, (b) 80 and (c) 160 under otherwise identical growth conditions. 
Insets show the corresponding top view SEM images.  
 
Figure 3.5 TEM images of typical InP nanowires grown at 730 °C with V/III ratios of 
(a-c) 40 and (d-g) 160. (a) BF TEM image of an InP nanowire taken along the [2̅110] 
zone axis. (b) SAED pattern of the nanowire shown in (a). (c) HRTEM image taken 
from the nanowire shown in (a). (d) BF TEM image of an InP nanowire grown with 
V/III ratio of 160. (e) The arrows shown in this higher magnification image indicate 
ZB segments within a WZ crystal. (f) and (g) are the SAED and HRTEM images of 
the nanowire shown in (e), respectively.  
Figure 3.5 shows the TEM images of nanowires grown with V/III ratio of 40 (a-c) 
and 160 (d-g). The growth temperature is 730 ºC, same as the optimised growth of 
stacking fault-free WZ nanowires with the V/III ratio of 80. Here the nanowires grown 
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with V/III ratio of 40 remain free of stacking faults. However, increasing the V/III ratio 
to 160, solely by increasing the PH3 flow during growth, leads to the appearance of 
stacking faults and ZB segments. Note that these results are in qualitative agreement 
with the work of Ikejiri et al. (when taking their corrigendum into consideration).21 
High V/III ratio tend to promote growth via a pure SAE mechanism which has been 
shown to favour polytypism due under high supersaturation. More details can be found 
in Chapter 3.6. 
3.5 Effect of total precursor flow rate 
 
Figure 3.6 SEM micrographs of InP nanowires grown by SA-MOVPE at 730 ºC with 
different precursor flow rates. SEM images at 45° tilt view of the nanowires grown 
with the precursor molar flow rate of (a) III0, V0 and (b) 2III0, 2V0 under otherwise 
identical growth conditions. Insets show the corresponding top view SEM images.  
The nanowires shown in Figure 3.6a and 3.6b were grown at 730 ºC for 20 min with 
the precursor molar flow rate of III0, V0 and 2III0, 2V0, respectively. The reference 
flow rates for group III (TMIn) and group V (PH3) are III0 = 6.07×10-6 mol/min and 
V0 = 4.91×10-4 mol/min, respectively. The diameter of the opening is 200 nm and the 
spacing is 2000 nm. As shown in Figure 3.6, the radial growth rate increased 
significantly for nanowires grown with larger total precursor molar flow rate because 
larger amount of precursors can diffuse towards the nanowires and contribute to lateral 
growth. The tapering rate is 3.7 nm/µm for the nanowires grown with higher precursor 
flow rate, while minimal tapering is found for the nanowires grown with lower 
precursor molar flow rate. As discussed in Section 3.3, the nanowires become more 
tapered with increasing precursor flow rates, which could indicate an increased ZB 
segments fraction with increasing precursor flow rate. 
Figure 3.7 shows the TEM images of nanowires grown with V/III ratio of 80 at 730 
ºC. The flow rate of TMIn and PH3 were doubled to 1.21×10-5 and 9.82×10-4 mol/min, 
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respectively. Clearly, increasing the supersaturation leads to the formation of stacking 
faults. 
 
Figure 3.7 (a) BF TEM image of an InP nanowire grown at 730 °C and V/III ratio of 
80 (with double both the TMIn and phosphine flow rates) taken along the [2̅110] zone 
axis. (b) BF TEM image taken on the highlighted area in (a). (c) and (d) are the SAED 
and HRTEM images of the nanowire shown in (b), respectively.  
3.6 Study of the growth mechanisms 
Section 3.3-3.5 discussed the effect of growth parameters including growth 
temperature, V/III ratio and total precursor flow rate on InP nanowire morphology and 
structural quality. During this study, some interesting experimental results have been 
found, as shown in Figure 3.8. Figure 3.8a-f shows the SEM images of InP nanowires 
grown on substrates patterned by FIB. The pitch was fixed to 500 nm and hole opening 
diameters were ranging from 40 to 280 nm. The flow rates of TMIn and PH3 were set 
at 6.07×10-6 and 4.91×10-4 mol/min, respectively, corresponding to a V/III ratio of 80. 
The InP nanowires were grown at 730 ºC for 5 min. As can been seen from Figure 3.8b, 
small particles are formed at the top of the nanowires while nanowires with larger 
diameter have a flat surface without particles. The HRTEM images of the top of the 
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InP nanowires with different diameters are shown in Figure 3.8g-j. The indium droplets 
are formed on small diameter nanowires but no droplets are found on larger diameter 
nanowires. In Figure 3.8h, the droplet has moved to the side and is visible in the top 
left corner of the HRTEM image. In all cases a pure WZ nanowire growth is maintained 
except for the very top which might be due to transient cooling down steps. Although 
the droplets have not been observed in subsequent runs which could be linked to the 
strong dynamics of indium as claimed in Ref [22], these interesting results initiated our 
thinking on growth mechanism of SAE III-V nanowires, whether it is possible small 
diameter nanowires are grown from self-seeded VLS method rather than pure SAE 
method. 
 
Figure 3.8 (a), (c), (e) and (b), (d), (f) are the SEM images at top and 30º tilt view of 
InP nanowires grown on substrates patterned by FIB, respectively. The diameters of 
the hole openings are (a-b) 40, (c-d) 160 and (e-f) 220 nm, respectively. It has been 
found that all nanowires grown at a given opening size show some significant radial 
growth, explaining the difference between nanowire diameter and hole diameter. The 
red arrows in (b) indicate the positions of droplets. (g-j) HRTEM images taken along 
[2̅110] zone axis showing the morphology of the top of InP nanowires with diameters 
of (g) 54, (h) 56 (i) 70 and (j) 239 nm, respectively. There are indium droplets on the 
top of the nanowires in (g-i). No droplet, stacking-fault or ZB segment can be found in 
the top of the nanowires in (j). 
With easily accessible nanowire arrays over a wide range of growth parameters, it 
is not surprising that the literature on SAE-grown III-V nanowires in the last decade 
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has been dominated by device-oriented studies.11, 23, 24 Only a few reports have 
attempted to explain the growth mechanisms18, 25-27 and a controversy still exists about 
the interplay between the pure SAE (i.e. epitaxial growth in openings of a mask layer 
and nanowires grow without any metal droplet) and self-seeded VLS (i.e. with a group 
III metal droplet on the nanowire top) growth during SA-MOVPE.22, 28  
In the case of randomly-positioned foreign metal-free growth of nanowires such as 
InAs29, 30 or InAsSb31 on oxide-masked substrates, recent works have already 
acknowledged the possibility for metal droplets to self-form under certain growth 
conditions, 32-35 at least at the growth initiation stage. Understanding metal-seeded SAE 
growth and the ability to control this process would bring crystal structure tunability16, 
33 and advantages for ultra-sharp axial heterostructures,36, 37 both features being 
practically impossible using a pure SAE growth mechanism. Very importantly, several 
works have reported that even in the presence of a droplet at the initial stages, the 
droplet is consumed during growth and therefore continues via the pure SAE process, 
for example, after a long growth interruption under group V flow.30, 32 One reason for 
the controversy about the presence or absence of metal droplet during growth is due to 
the necessary cooling down stage prior to nanowire analysis. Indeed, even if the droplet 
is present during steady-state nanowire growth, it might easily be transformed to solid 
III-V material during cool down under group V flow.22, 38-40 On the other hand, group 
III droplets are also able to reappear after growth interruption.41, 42 Therefore, definite 
conclusions about the pure SAE versus VLS nature of the growth process are far from 
straightforward and most often rely on indirect evidence. 
In this section, the formation mechanisms of SAE-grown InP nanowires are clarified 
by performing detailed growth investigations and supporting the results by kinetic 
modelling that combines prior theories of pure SAE and self-seeded VLS growth 
mechanism. Section 3.6.1, 3.6.2, 3.6.3 and 3.6.4 will show the growth rate, growth 
time, cooling down under AsH3 and growth interruption experiments with their 
experimental data well fitted by a kinetic growth model discussed in Section 3.6.5. 
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3.6.1 Growth rate study 
 
Figure 3.9 (a) Average nanowire length (after 5 min of growth time) as a function of 
nanowire diameter for nanowires grown under different V/III ratios obtained by 
varying only group V flow. The error bars represent the standard deviation of lengths 
and diameters from 12 individual nanowires. (b-c) and (d-e) show 30º tilted SEM 
images of the InP nanowires grown with a V/III ratio of 81 and 198, respectively, as 
indicated in (a). The nanowire diameters are around 60 nm in (b), 150 nm in (c), 60 
nm in (d) and 150 nm in (e). Lines in (a) are theoretical fits using Equation 3.12. Details 
of the model will be further discussed in later sections. 
Figure 3.9a shows the evolution of the nanowire length as a function of diameter for a 
fixed pitch of 500 nm with hole opening diameters ranging from 40 to 280 nm, and 
five different PH3 flows. The growth temperature was set as 730 ºC for all the samples 
discussed in this section. The TMIn flow rate was fixed to 6.07×10-6 mol/min while 
the PH3 flow rate was varied from 3.57×10-4 to 1.96×10-3 mol/min, to achieve the V/III 
flow ratios ranging from 59 to 324. Representative nanowire array geometries are 
illustrated in Figure 3.9b-e. The growth time was 5 min for all these samples.  
The nanowire length is found to increase with diameter to a maximum value before 
decreasing for larger diameters. The measured length-diameter correlations are 
drastically affected by the V/III ratio. Lower V/III ratios systematically lead to longer 
length for all diameters and this effect is much more pronounced for smaller diameter 
nanowires. For the smallest V/III ratio investigated here, the maximum nanowire 
length is achieved for the hole size of 40 nm. For higher V/III ratios of 198 and above, 
the length-diameter correlation does not evolve much anymore. 
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The striking difference in nanowire lengths under varying V/III ratio cannot be 
understood within the standard view of pure SAE nanowire growth. Indeed, if the 
elongation rate is group-III limited, as commonly assumed,25 it may increase for 
smaller diameters but should not be much affected by the group V flow. On the other 
hand, in indium-assisted VLS mode the growth rate is simply determined by the group 
V flow rate and does not depend on the nanowire diameter.41 In order to understand 
this unusual behaviour, the nanowire length evolution as a function of both diameter 
and growth duration, for two different V/III ratios is studied in depth. 
3.6.2 Growth time study 
 
Figure 3.10 Average nanowire length as a function of growth time for a V/III ratio of 
(a) 81 and (b) 324. The nanowires were grown from the openings with a pitch of 500 
nm and diameters of 25, 40, 60, 85 and 150 nm. For 40 nm opening, the incubation 
time is found to be around 2.7 and 5 min for the nanowires grown with the V/III ratio 
of 81 and 324, respectively. Lines in (a) and (b) are theoretical fits using Equation 3.12. 
Average nanowire diameter as a function of growth time for a V/III ratio of (c) 81 and 
(d) 324. The dashed lines are guide for the eyes. The error bars are measured from 12 
nanowires. When error bars are too small, they are not clearly visible on the graphs. 
Figures 3.10a and b show the nanowire length as a function of growth time for a set of 
different hole diameters and V/III ratios of 81 and 324. Growth times were adjusted 
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for both low and high V/III regimes to capture the relevant evolutions. Both figures 
show that the nanowire length increases almost linearly with time for large diameters 
of 85 and 150 nm. Conversely, for nanowires grown from smaller diameter openings, 
the axial growth rate varies significantly with increasing growth time, making the 
corresponding curves strongly non-linear. First of all, smaller opening diameters lead 
to longer incubation times for nanowire nucleation. For example, the nanowires 
growing from 40 nm diameter holes nucleate only after 2.7 min while nanowires 
growing from 25 nm diameter holes nucleate after 4 min at V/III=81. However, these 
small diameter nanowires start growing very rapidly after nucleation and soon overtake 
the length of thicker nanowires. For example, at a V/III ratio of 81 the nanowire length 
reaches about 4200 nm in 20 second. The instantaneous growth rate for these 
nanowires is huge, around 210 nm/s, which is three orders of magnitude higher than 
the equivalent two-dimensional growth rate of InP (~ 0.1 nm/s under these conditions). 
It is noteworthy that the incubation time for a given opening diameter consistently 
increases for higher V/III ratios. Furthermore, nanowires emerging from smaller holes 
grow much longer in 4 min at a V/III ratio of 81 than in 6 min at a V/III ratio of 324. 
The size of the first stable nanowire nucleus (i.e., the number of III-V pairs in the 
critical nucleus) is usually very small and can be estimated at only 3-5 GaAs pairs 
based on the data of Ref. [43] for Ga-seeded and Ref. [44] for Au-seeded GaAs 
nanowires grown by molecular beam epitaxy (MBE). Assuming similar values for our 
MOVPE growth process, it is safe to neglect the critical size compared to the hole 
diameter and hence the size of the first stable nucleus emerging in the hole cannot limit 
the nanowire nucleation. For the minimum hole diameter of 25 nm the Gibbs-Thomson 
effect45 on the nanowire growth rate can also be ignored. Rather, the size-dependent 
incubation time should be due to a longer waiting time for the first nucleation event in 
smaller holes46 as will be discussed shortly. 
Based on these data, it is reasonable to assume that at least the initial nucleation step 
of our selective area growth has the self-seeded VLS character, as in Ref. [29] for InAs 
nanowires grown by MBE. In this case, lower V/III ratios can lead to and preserve 
indium droplet formation and the VLS nucleation through this droplet will occur faster 
because of a less energetic liquid-solid interface compared to the vapour-solid one. 
Furthermore, since the diffusion flux from the substrate or nanowire sidewalls to the 
top increases for smaller diameters,41 the droplet-assisted nucleation and VLS growth 
are more probable for thinner nanowires. On the other hand, higher V/III ratios do not 
favour the droplet formation and hence the nanowires emerge in the pure SAE mode 
at a lower growth rate.  
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Considering this self-seeded VLS nucleation, Figure 3.10b demonstrates that the 
nanowires grown from 25 and 40 nm openings have an incubation time of 6 and 5 min, 
respectively. Hence, the incubation time is affected not only by the V/III ratio, but also 
increases for smaller openings. This result is in contrast to those in Ref. [47], where 
the authors attributed the reduction in the Si nanowire length for larger diameters to an 
increase in the time required to fill the droplets to reach the initial supersaturation. 
They stated that as the initial droplet diameter increases, the volume of silicon required 
to supersaturate the droplet also increases and adds a delay time before crystallization 
begins. It has been reported that the spread in nucleation times in self-seeded GaAs 
nanowire growth is more likely related to the formation of holes in the surface oxide 
layer,48 and the droplets having longer incubation times result in nanowires with 
shorter nanowire length and smaller nanowire radius.49 For self-induced GaN 
nanowires, long incubation times are attributed to difficult nucleation of GaN islands 
that subsequently transform to nanowires.50, 51 Similarly, long nucleation stage of Ga 
droplets on unpatterned SiOx/Si(111) delays the Ga-assisted nucleation of GaAs 
nanowires.52 The relationship between the incubation time and nanowire diameter will 
be further discussed in later sections. Figure 3.10c-d show the nanowire diameter as a 
function of growth time. Clearly, the diameter of the smallest nanowires increases with 
growth time, which will also be discussed in the later sections. 
3.6.3 Cooling down under AsH3 protection instead of PH3 
 
Figure 3.11 (a) SEM images of InP nanowires grown with a V/III ratio of 81, but 
cooled down under AsH3 protection instead of PH3. (b) is a zoomed-in image from the 
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area highlighted in (a). (c-d) EDX images of the top parts of InP nanowires cooled 
down under AsH3 protection. Compositional maps of phosphorus and arsenic are given 
in red and green colour, respectively. 
Special experiments have been designed to probe the presence or absence of indium 
droplets during growth by post-growth measurements. By cooling down the sample 
under arsine (AsH3) instead of PH3, the properties of InAs segments on the nanowire 
tops versus the nanowire diameter are analysed to unravel the postulated presence of 
indium droplet and its volume during steady-state growth.13, 53, 54 Figure 3.11a-b shows 
the SEM images of InP nanowires cooled down under AsH3. Some visible features are 
observed on the top of each nanowire linked to growth with different faceting. Figure 
3.11c-d are the EDX images showing the compositional maps of phosphorus and 
arsenic from a nanowire. These data indicate that the length of InAs segment is around 
12 and 23 nm for nanowire with a diameter of 35 and 65 nm, respectively. 
 
Figure 3.12 Schematic representations of two possible growth mechanisms for the top 
InAs segments: growth from an indium droplet (a), or growth via adatom diffusion 
from the sidewalls only (b). (c) The length of InAs segments as a function of nanowire 
diameter. The red and black lines show the linear and inverse diameter dependences of 
the segment height, obtained from the model for the self-seeded VLS and pure SAE 
growth modes, respectively.  
Knowing that the As/P exchange is a surface effect which can only form a few 
monolayer-thick of InAs layer,55 it is unlikely that much thicker segments (> 20 nm) 
can grow on top of InP nanowires by this effect alone. However, since nucleation may 
be more favourable on the top {0001} facet than on the side {-1100} facets, surface 
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migration of indium atoms from the nanowire sidewalls cannot be excluded 
immediately. Indeed, if indium is released by phosphorus desorption while the arsenic 
supply does not lead to instantaneous nucleation on the nanowire sidewalls, the top 
facet could eventually become indium-rich via adatom diffusion. Such an indium 
migration fueled by the presence of unfavourable nucleation sites has been shown to 
occur in another low dimensional system, during planarization of partially buried 
InAs/InP Stranski-Krastanow quantum dots.56, 57 Therefore, the two main reasons for 
forming thick InAs segments on the top of the nanowires are:  
(i) indium droplets were present during growth and then transformed to solid InAs 
during cooling down, as illustrated in Figure 3.12a;  
(ii) indium diffusion from the nanowire sidewalls to the top with subsequent 
transformation to solid InAs under the arsine flow, as illustrated in Figure 3.12b. 
In both cases, the length of InAs segment,  is determined by the available 
number of indium atoms on the top of the nanowires. If indium is present in a liquid 
droplet, we have . Here,  is the radius of a 
cylindrical nanowire,  and  are the elementary volumes per InAs pair in solid 
and indium atom in liquid (here and below, indium is labelled “3” and group V 
elements are labelled “5”),  is the 
geometrical function relating the volume of spherical cap to the cube of its base through 
the contact angle of the droplet  and  is a percentage of indium atoms that 
crystallizes at the liquid-solid interface. Assuming  as radius-independent, we 
obtain a linear increase of the segment length with nanowire radius, i.e, . On 
the other hand, if the main source of the indium supply is sidewall diffusion, we have 
, with  as the diffusion length of indium atoms and  as 
their residual surface concentration. Taking , where  is the indium vapour 
flux and  is the characteristic lifetime of indium atoms on the sidewalls, we obtain 
 (with  as the indium deposition rate in nm/s) i.e., the 
inverse correlation . The fits shown in Figure 3.12c are obtained with 
125º, 2.26, (Refs. [41, 43, 58]), 0.135, 2500 nm, 0.13 nm/s 
(these values will be justified shortly) and at a plausible 1.2 s. As can be seen 
from Figure 3.12c, there is a linear increase of the segment length with nanowire 
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diameter for the nanowires thinner than ~ 80 nm, while nanowires thicker than ~ 100 
nm show an inverse diameter dependence for the As-rich segment length. Therefore, 
we can conclude that nanowires thinner than ~ 80 nm had indium droplets on top while 
nanowires thicker than ~ 100 nm most probably grew in the pure SAE mode. 
3.6.4 Growth interruption study 
 
Figure 3.13 (a) nanowire length as a function of diameter for nanowires grown for 
different times with and without the indium flow interrupt. (b-c), (d-e) and (f-g) are the 
30º tilted SEM images of nanowires grown for 2.5 min, 5 min with 5 min TMIn supply 
interrupt after the first 2.5 min, and 5 min without interrupt, respectively. The 
diameters of nanowires shown in (b), (d), (f) and (c), (e), (g) are around 45 and 170 
nm, respectively, with the corresponding lengths indicated in (a). Lines in (a) are 
theoretical fits using Equation 3.12. 
For the nanowires grown with indium droplets on top, a growth interrupt by removing 
TMIn should have a strong influence on the nanowire growth.22, 32, 33 If the interruption 
time is long enough, the droplet can be totally consumed, which means the nanowire 
axial growth rate should be strongly reduced in the self-seeded VLS growth mode 
while it remains the same in pure SAE after such an interrupt.33 This picture does not 
fully apply if the droplet is able to reform, as observed in Ga-assisted MBE growth of 
GaAs nanowire growth.32, 41, 42 However, in our relatively high group V-rich 
environment, this is unlikely to happen. Consequently, a growth interruption 
experiment has been designed to further study the growth mechanism. InP nanowires 
were grown for 2.5 min followed by a TMIn interrupt of 5 min and further grown for 
another 2.5 min, with a V/III ratio of 81. Another two samples were grown for 
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comparison without any interrupt for 2.5 and 5 min, respectively. These three samples 
were patterned and grown consecutively one after another. 
The obtained length-diameter correlations are shown in Figure 3.13a, along with the 
representative SEM images in Figure 3.13b-g. It is seen that the nanowire lengths in 
the interrupted recipe are similar to those grown for 5 min without interrupt for the 
diameter larger than ~ 125 nm. On the other hand, for diameters smaller than 125 nm, 
the lengths of the nanowires grown with an interrupt lie between the lengths in 2.5 and 
5 min samples, implying the interrupt significantly reduces the growth rate. This 
confirms again our argument for the presence and role of indium droplets on the top of 
thinner nanowires and their absence on thicker nanowires.     
3.6.5 Growth model 
Overall, the observed growth behaviour poses a puzzle. Several results have been 
presented with strong evidence of a competition between the pure SAE and self-seeded 
VLS growth modes of InP nanowires, with the indium droplets appearing at lower 
V/III ratios and on smaller diameter nanowires. This can be well understood through 
the diffusion of indium atoms which is faster for small diameter nanowires and for 
lower PH3 flows. However, since no indium droplets are initially present, the group V-
limited self-seeded VLS growth can occur only when the total indium influx is larger 
than that of phosphorus and then the axial growth rate should decrease and become 
diameter-independent.41, 43, 52, 58 This is not what has been observed experimentally, for 
example, in Figure 3.9a. To understand this complex growth process and in particular 
the interplay between the pure SAE and self-seeded VLS modes, a model has been 
established which combines the major features of both growth mechanisms. The main 
idea of this approach is to define the boundary values of the growth parameters and 
nanowire dimensions at which pure SAE growth transforms to the self-seeded VLS, to 
assess variable droplet volume and its influence on the resulting axial growth rates of 
nanowires under different conditions. We use standard theories for the diffusion-
induced nanowire growth in group III limited regime, the group V limited VLS growth 
rate and then unifying them by allowing the indium droplet to appear and swell on the 
nanowire top under the excessive indium influx. 
The model starts with the nanowire axial growth rate in the pure SAE mode in the 
form of 
, ,               (3.1) )1(3  diffgv
dt
dL
3553 /1 vvFgdiff 
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with  as the dimensionless diffusion flux of indium atoms to the nanowire top 
which increases with smaller  and may depend on the nanowire length . Such 
expression is standard for pure SAE III-V nanowires25 or self-induced GaN 
nanowires50 under group V-rich conditions, i.e., when the total indium influx  
including its surface diffusion is smaller than the phosphorus vapour influx . This 
can be reformulated in terms of the V/III ratio .  
On the other hand, in the self-assisted VLS growth, we have39, 41, 43, 58 
, ,                              (3.2)                                                     
meaning that the axial growth rate is simply proportional to the phosphorus vapour 
influx. The collection efficiency of phosphorus in the pure SAE case is enhanced by (i) 
a larger surface area of the droplet with the contact angle  and (ii) by its better 
adsorption at the liquid surface, described by the factor . 
Most importantly for what follows, the self-seeded VLS regime necessarily requires 
the condition  at which the indium influx to the flat nanowire top is 
larger than that of phosphorus. Only in this case the indium droplet will appear and 
then swell due to an excessive indium flux according to 
.                (3.3) 
The  value on the left hand side is the total number of indium atoms in the droplet 
which increases due to a positive III/V influx imbalance, with  on the right hand 
side as the adsorption coefficient of the group III species at the droplet surface with 
respect to solid InP. This equation has the same meaning as in Ref. [41], however, in 
selective area growth the droplet shape is non-stationary and the contact angle  can 
be adjusted to reach the stationary configuration corresponding to : 
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Therefore, the contact angle increases for smaller diameter nanowires and decreases 
for higher V/III flux ratios.  
Using Equation 3.4 in Equation 3.2, we obtain 
,                 (3.5) 
showing that the axial growth rate is radius-dependent even in group III-rich conditions. 
At , there is a discontinuous change in the growth rate from  for 
larger  to  for smaller . The magnifying factor 
 can be noticeably larger than one even for  at 
large enough , i.e., when the phosphorus adsorption at the droplet surface is much 
faster than at the solid InP surface.  
Of course, the droplet contact angle and consequently the droplet volume cannot 
grow infinitely. Rather, it will increase to a certain equilibrium value  given by the 
surface energy balance41 and then the stationary configuration of the VLS system will 
be reached by increasing the nanowire radius to an equilibrium radius  given by 
, .        (3.6) 
This corresponds to the regime of radial nanowire growth, as in Refs. [41, 52], and 
explains why the diameter of the smallest nanowires increases with time, as shown in 
Figure 3.10c-d.  
 
Figure 3.14 (a) Axial growth rate versus dimensionless length for 40, 85, 130 and 160 
nm diameter nanowires, obtained from Equation 3.7. The dotted line corresponds to 
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the transition from VLS to SAE growth modes under  =  and V/III = 81 
conditions. Smaller diameter nanowires grow in the VLS mode with indium droplets 
on top. 130 nm diameter nanowires evolve in a combined VLS-SAE mode with indium 
droplet appearing and disappearing in the course of growth, while 160 nm diameter 
nanowires grow in the pure SAE mode regardless of their lengths. (b) Droplet contact 
angle versus dimensionless length for the same parameters as in (a). 40 nm diameter 
nanowires reach an equilibrium droplet angle of 125º at a certain stage and extend 
radially. 
To quantify our findings, the diffusion flux of indium adatoms to the top of the 
nanowire has been studied, which is obtained by solving the stationary equation for the 
surface concentration of the sidewall indium adatoms  
,                                  (3.7) 
with  as the atomic influx of indium,  as the diffusion coefficient,  as the 
effective lifetime of indium atoms before desorption and  as the vertical coordinate 
along the nanowire axis. The boundary conditions are taken in the form2   
, .           (3.8) 
The first boundary condition implies that the diffusion flux to the nanowire base of 
radius  equals the number of indium atoms from the feeding area of radius , and 
the second means that the adatom concentration is zero at the top of the nanowire. The 
solution is given by 
                 ,   (3.9) 
where  is the indium diffusion length limited by desorption.    
Diffusion-induced contribution to the nanowire elongation rate is obtained as  
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                                                         ,                              (3.10) 
where  is the volume per InP pair in solid. Equation 3.11 is obtained using 
Equation 3.9 and introducing the indium vapour flux  and dimensionless 
diffusion flux , which is similar to that of Ref. [59], 
.           (3.11) 
Here, the first term stands for the sidewall diffusion flux and the second describes the 
contribution from the surface atoms that are collected from the feeding zone of radius 
 (a value of the order of the array pitch of 500 nm). At , this diffusion 
flux becomes . In Figure 3.13a, we can see the distinct transition from the pure 
SAE to self-seeded VLS regime at 125 nm and, assuming 81, 
we obtain 2500 nm. Taking 500 nm, Figure 3.14a shows the normalized 
axial growth rate in units of  versus the dimensionless length  for differently 
sized nanowires. It is seen that the values of  are always greater than  for 
40 and 85 nm diameter nanowires and hence they grow in the indium-seeded VLS 
mode, with the corresponding droplet contact angles shown in Figure 3.14b. At 130 
nm diameter, nanowires start in the SAE mode. After that, the indium droplets appear 
on the top of nanowires but then disappear again as the indium diffusion flux decreases. 
At 160 nm diameter, all nanowires grow in the pure SAE mode regardless of their 
length. This picture shows a complex growth process switching between the pure SAE 
and VLS modes depending on the growth parameters such as nanowire diameter, 
length and V/III ratio.  
The growth equations given by Equations 3.1 and 3.5 can be integrated uniformly 
when , i.e., when the diffusion flux constitutes the main source of the 
indium supply to the nanowire top. Only in such regime the nanowire growth rates can 
be much higher than the equivalent two-dimensional growth rate, as observed 
experimentally. An important aspect is the different incubation times needed for 
nanowires nucleating from different size openings and different V/III ratios. 
Consequently, in the mononuclear regime,43, 60, 61 we assign a term t0 to the waiting time 
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for nucleation of the very first nanowire monolayer. This is given by , 
with  as the corresponding nucleation rate. The latter is expected to be smaller for 
pure SAE nucleation compared to the self-seeded VLS growth mode because of the 
lower surface energy of the nuclei in the VLS case. This explains why thinner 
nanowires nucleate later for a given V/III ratio and the same diameter nanowires 
nucleate later for higher V/III ratios. Therefore, we use the following expression for 
the nanowire lengths versus time and diameter: 
                (3.12) 
with  for VLS or SAE as the delay factors and  as the 
multiplying factor which equals to one for the pure SAE growth mode.  
V/III 
ratio 
substrate collection 
radius (nm) 
indium 
diffusion 
length 
(nm) 
magnifying 
factor for VLS 
growth  
delay 
factors 
(nm2 s)  
324 540 2400 1 1350 
198 470 2300 1.077 1250 
133 520 2550 1.10 895 
81 550 2600 1.30 640 
59 530 2500 1.153 530 
 
Table 3.1 Fitting parameters for InP nanowires growing in different regimes. 
Equation 3.12 gives very reasonable fits to all the data, shown by lines in Figure 
3.9a, 3.10a, 3.10b and 3.13a. We use the value 0.13 nm/s for the indium flux and 
other parameters used are summarized in Table 3.1. As expected, the indium diffusion 
length is close to 2500 nm in all cases and not significantly influenced by the V/III 
ratio, while the fitting values of  are close to 500 nm. The multiplying factor 
increases with lower V/III ratio, which shows a transition from the pure SAE to more 
and more pronounced VLS growth with lower V/III ratio. The decrease in the 
multiplying factor observed for V/III=59 is due to the higher radial growth in thinner 
nanowires. This is not taken into account in Equation 3.12. In Figure 3.13a, a 
reasonable fit for the 2.5 + 2.5 min growth recipe is obtained by taking the average for 
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the multiplying factor between the pure SAE and self-seeded VLS regimes. Finally, 
the delay factor increases toward higher V/III ratios because of the difficulty for 
nanowires to nucleate without indium droplets in a group III-deprived environment. 
 
Figure 3.15 Graph of nanowire length as a function of opening diameter for four 
different pitches. Lines show the fits by Equation 3.12 with the collection radius = 
620, 710, 910 and 1090 nm for the 300, 450, 700 and 900 nm spacings, respectively.      
Equation 3.12 was used to fit the spacing dependent nanowire length data as a 
function of opening diameter, as shown in Figure 3.15. Four different designs with 
spacings of 300, 450, 700 and 950 nm have been investigated. The trend of these data 
is similar for different spacings with just a minor horizontal shift. For the same opening, 
nanowires grown with larger spacing are longer (and have larger diameter) due to a 
larger collection area for growth precursors to contribute to the nanowire growth. 
These dependences are reasonably fitted by Equation 3.12 from the main text with 
=2800 nm and the collection radius ranging from 620 nm for the smallest to 1090 nm 
to the largest spacing, as shown by lines in Figure 3.15. 
In summary, the coexistence of pure SAE and self-seeded VLS growths of selective 
area InP nanowires has been demonstrated and a transition between the two modes is 
shown depending on the diameter of the opening and/or the V/III ratio. Highly non-
monotonic growth rates and long incubation times are revealed and explained within a 
theoretical model. In many cases, there are indium droplets on the top of the nanowires 
and this can be used for fine tuning of the nanowire properties.  
 
 
0R
3
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3.7 Summary 
In this chapter, the effects of growth temperature, V/III ratio and total precursors flow 
rate on nanowire morphology and crystal structure were studied in detail. Nanowires 
have higher stacking fault density with decreasing growth temperature, increasing 
V/III ratio and increasing total precursor flow rate. By optimising the growth parameter, 
diameter-independent taper-free pure crystal phase InP nanowires with perfectly 
controllable dimensions (40-600 nm) were successfully grown by SA-MOVPE. 
Furthermore, the growth mechanism of SAE nanowires was studied and the main 
conclusion is that selective area growth of nanowires does not necessarily lead to the 
pure SAE regime. There is a competing process between a pure SAE and a self-seeded 
VLS growth mechanism, depending on the growth conditions and mask opening. 
Under the same growth conditions, nanowires with smaller diameter are grown by self-
seeded VLS while large diameter nanowires are grown by pure SAE growth 
mechanism. A model has been established which combines the major features of these 
two growth models to understand the complex growth process. The main idea is to 
define the boundary values of the nanowire dimensions and growth parameters at 
which pure SAE growth transforms to the self-seeded VLS. Variable droplet volume 
and its influence on the resulting axial growth rates of nanowires under different 
conditions can be obtained using this model. The excellent control of nanowire 
properties and the better understanding in fundamental study broaden the scope of 
possibilities in growth engineering, which is promising for application in 
optoelectronic devices, such as nanowire lasers, solar cells, photodetectors and light-
emitting diodes. 
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Chapter 4  
Optical properties of undoped InP 
nanowires 
4.1 Introduction 
Semiconductor nanowires are promising structures for nanoscale optoelectronic 
devices such as lasers, photodetectors and solar cells. Excellent structural quality and 
optical properties are important requirements for achieving high performance nano-
devices. In this chapter, contactless, non-destructive methods such as 
photoluminescence (PL) spectroscopy and time-resolved PL (TRPL) have been used 
to study the optical properties of semiconductor nanowires. The internal quantum 
efficiency (IQE) of nanowires, which is the critical performance indicator when 
compared to their planar counterparts is studied and low threshold room temperature 
lasing from conventional guided modes in undoped InP nanowires is demonstrated. 
This chapter describes the optical properties of undoped InP nanowires. The text is 
arranged as follows. Section 4.2, section 4.3 and section 4.4 discusses PL, minority 
carrier lifetime ( 𝜏𝑚𝑐 ) and IQE of undoped InP nanowires, respectively. Room 
temperature InP nanowire laser is demonstrated in section 4.5 which includes nanowire 
laser modelling and characterisation. Section 4.6 discusses the nanowire transfer 
printing techniques. In this chapter, the optical properties of three sets of undoped InP 
nanowires are investigated. The nanowires were grown on a patterned substrate with 
an opening diameter of 200 nm and a pitch size of 500 nm. The flow rate of 
trimethylindium and phosphine (PH3) were set to 6.07×10-6 and 4.91×10-4 mol/min, 
respectively, corresponding to a V/III ratio of 80. All samples were annealed at 750 °C 
for 10 min under a PH3 protective flow and grown for 20 min. The growth temperature 
for these three sets are 650, 700 and 730 °C. The morphology of these nanowires have 
already been shown in Figure 3.1 and their structural properties have been discussed 
in Section 3.3. Nanowires with other dimensions will be specified in the text.  
4.2 Photoluminescence 
The optical quality of the nanowires grown at different temperature was assessed using 
PL and TRPL measurements. These measurements were performed on as-grown 
nanowire arrays standing on the substrate using the system described in Section 2.3.4.  
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Figure 4.1 Room temperature PL spectra from nanowires grown at different 
temperatures. The spectra shown are not normalized and taken at an excitation power 
density of 0.24 µJ/cm2/pulse.  
Figure 4.1 shows the room temperature PL spectra from three nanowire arrays 
grown at 650, 700 and 730 °C. The room temperature PL spectra are not normalized, 
and the intensity is an indication of the optical quality of the nanowires. The PL peak 
intensity increases as the growth temperature increases. The spectra from all three 
samples show a peak with a shoulder at higher energy which can be fitted with two 
Gaussian peaks as shown in Figure 4.2a-c. The lower energy Gaussian peak is centred 
at 1.413 eV and the higher energy peak at 1.44 eV. To understand the origin of these 
two peaks, temperature dependent PL measurements were carried out.  
 
Figure 4.2 PL spectra and the two Gaussian components used to fit each spectrum for 
nanowires grown at (a) 730, (b) 700 and (c) 650 °C.  
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Figure 4.3a shows the temperature dependent PL spectra of InP nanowires grown at 
730 °C. The spectrum at 300 K shows a peak at 1.413 eV and a shoulder at 1.44 eV 
(red arrow). The emission peak at 1.413 eV shifts to higher energy and the shoulder at 
1.44 eV disappears with decreasing temperature. The shift in the peak position (the 
peak at 1.413 eV at room temperature) with temperature fits well to Varshni equation 
(as shown in Figure 4.3b) and this lower energy peak is attributed to band edge 
emission from wurtzite (WZ) InP nanowires and the higher energy peak to the split off 
valence band.1, 2 Since the band edge emission peak is identified, its full width at half 
maximum (FWHM) can be extracted from Figure 4.2. The FWHMs of the band edge 
emission peaks are 27, 17 and 16 nm for the nanowires grown at 650, 700 and 730 °C, 
respectively. A narrower linewidth of band gap emission is another indication of better 
optical quality. An additional peak at 1.446 eV (black arrow) appears in the spectra at 
temperatures lower than 60 K, as shown in Figure 4.3a. To understand the origin of 
this additional peak, power dependent PL measurements at low temperature were 
carried out. 
 
Figure 4.3 (a) Temperature dependent PL spectra from nanowires grown at 730 °C. 
The spectra shown are normalized and are taken at the excitation power density of 0.24 
µJ/cm2/pulse. (b) PL peak energy as a function of temperature for nanowires grown at 
730 °C. The points are experimental data and the line is a fitting curve using Varshni 
law. (c) Power dependent PL spectra at 5 K for nanowires grown at 730 °C. The spectra 
shown are not normalized. 
Figure 4.3c shows the power dependent PL spectra at 5 K for nanowires grown at 
730 °C. With increasing excitation power density the band edge emission peak (at 
1.486 eV) increases in intensity, but the lower energy peak (at 1.446 eV) saturates after 
0.76 µJ/cm2/pulse which is a typical characteristic of impurity-related recombination. 
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This peak is attributed to carbon related emission as the separation (40 meV) between 
these two energy emission peaks is the same as the separation between the carbon-
related emission and the band edge luminescence as reported for zinc blende InP 
nanowires.3 Power dependent PL measurements at 5 K were carried out for nanowires 
grown at lower growth temperatures. Multiple peaks emitted at low-energy are 
observed for the nanowires grown at 700 °C, as shown in Figure 4.4a; while Figure 4.4 
shows more low-energy peaks for the nanowires grown at 650 °C. These multiple 
peaks observed at low temperature are an indication of poor optical properties and 
more impurity-related recombinations (carbon, oxygen, etc.).3, 4 These impurity-related 
peaks cannot be observed at room temperature because of the thermal broadening of 
the emission peaks, which overlaps the different impurity-related recombination with 
the band gap emission peak.5 
 
Figure 4.4 Power dependent PL spectra at 5 K for nanowires grown at (a) 700 and (b) 
650 °C. The spectra shown are normalized. Four laser power densities were used to 
measure the PL, as shown in (a).  
In summary, with increasing growth temperature, InP nanowires have higher room 
temperature PL intensity, narrower linewidth of band gap emission and less impurity-
related PL peaks at low temperature, which is consistent with the nanowire crystal 
structural quality results discussed in Chapter 3, where the structural quality of InP 
nanowires improves with increasing growth temperature. 
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4.3 Minority carrier lifetime 
 
Figure 4.5 (a) Typical TRPL decays measured at the peak emission wavelength, from 
nanowires grown under the three different growth temperatures. (b) Room temperature 
𝜏𝑚𝑐  for nanowires grown at different growth temperatures. The lifetimes were 
extracted from room temperature TRPL measurements from 12 nanowires. (c) Inverse 
𝜏𝑚𝑐 of nanowires grown at 730 °C as a function of inverse nanowire diameter. The 
data is based on the measurements of 39 nanowires. The lifetime varies from 1.4 to 1.8 
ns. A linear fit to the data points is shown by the solid red line. 
𝜏𝑚𝑐 is defined as the average time that a minority carrier takes to recombine after an 
electron-hole generation. Room temperature 𝜏𝑚𝑐 is highly dependent on the type of 
the material, defect density and surface quality. 𝜏𝑚𝑐 can be extracted by fitting the 
TRPL spectrum with a mono-exponential decay curve, as shown in Equation 4.1.6 
                                                         𝐼𝑡 = 𝐼0𝑒
(−𝑡 𝜏𝑚𝑐⁄ )                                                (4.1) 
where 𝐼𝑡 is the intensity at time t and 𝐼0 is a normalization term. 
Figure 4.5a shows the TRPL decays measured at the peak emission wavelength, 
from single nanowires grown at different growth temperatures. After fitting the TRPL 
decays with Equation 4.1, 𝜏𝑚𝑐  of 0.8, 1.4 and 1.5 ns has been extracted for the 
nanowires grown at 650, 700 and 730 °C, respectively. Figure 4.5b shows the average 
values of 𝜏𝑚𝑐 measured from 12 nanowires grown at different growth temperatures. 
Nanowires grown at 650 °C have 𝜏𝑚𝑐  of 0.8 ns and this increases to 1.6 ns for 
nanowires grown at 730 °C. As discussed in Chapter 3, the stacking fault density of 
InP nanowires decreases with increasing growth temperature. Stacking faults act as 
nonradiative recombination centres,7 hence higher stacking fault density will reduce 
the non-radiative lifetime (𝜏𝑛𝑟) of the nanowires, and consequently 𝜏𝑚𝑐 since 𝜏𝑚𝑐 can 
be expressed as 
1
𝜏𝑚𝑐
=
1
𝜏𝑛𝑟
+
1
𝜏𝑟
 , where 𝜏𝑟  is radiative lifetime.
6 Nanowires grown 
with higher growth temperature have longer 𝜏𝑚𝑐, which is an indication of low bulk 
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defect incorporation and good surface quality, consistent with the higher crystal quality 
of these samples as presented in Chapter 3.  
Surface recombination velocity (SRV) is used to specify the recombination at a 
surface. 𝜏𝑚𝑐 for different diameter nanowires have been measured to estimate the SRV 
using the formula 
1
𝜏𝑚𝑐
=
1
𝜏𝑏𝑢𝑙𝑘
+
4𝑆𝑅𝑉
𝑑
, where τbulk is the bulk 𝜏𝑚𝑐 and d is nanowire 
diameter.8 τmc for different diameter nanowires grown at 730 °C are shown in Figure 
4.5c and increases with increasing nanowire diameter indicating that it is limited by 
non-radiative surface recombination. 𝜏𝑏𝑢𝑙𝑘  and SRV for the nanowires grown at 
730 °C were extracted by fitting the experimental data points in Figure 4.5c with a 
straight line, which gives the value of 1.57 ns and 161 cm/s, respectively. The SRV for 
InP nanowires is significantly lower than that of AlGaAs passivated GaAs nanowires9 
but comparable to the value measured for polytypic InP nanowires grown by VLS 
using THz spectroscopy.8 As discussed in Chapter 2, SRV can be reduced by surface 
passivation, which ties up the dangling bonds by growing a layer on top of the material 
surface.10 Without any surface passivation, our selective area epitaxy (SAE) InP 
nanowires have shown lower surface recombination and better surface quality, which 
makes them suitable building blocks for high performance nano-devices such as 
nanowire lasers. 
4.4 Internal quantum efficiency 
Internal quantum efficiency (IQE) can be expressed as IQE =  𝜏𝑟
−1 (𝜏𝑟
−1 + 𝜏𝑛𝑟
−1)⁄ , 
which gives a quantitative estimate of the optical quality of the nanowires. As 
discussed in Chapter 2, IQE is an important parameter for predicting the optoelectronic 
device performance. For example, nanowire lasers and solar cells require nanowires 
with higher IQE to reduce the lasing threshold11 and enhance the energy conversion 
efficiency12, respectively. Several methods and theoretical models have been reported 
to determine the IQE of semiconductors, which include steady-state thermal study,13 
temperature dependent PL measurement,14, 15 and TRPL16. However the ambiguous 
assumption, complex setup and modelling make these methods less likely to be used 
more generally. In this section, two methods are used to extract the IQE of SAE InP 
nanowires.  
In the first approach, IQE of InP nanowires are extracted from the variation in PL 
emission intensity with excitation power density, following the approach of Yang-Seok 
Yoo et al.17 This method is based on the rate equation 
                                                        G = An + B𝑛2 + 𝐶𝑛3                                                   (4.2) 
Chapter 4 Optical properties of undoped InP nanowires 
71 
 
Here G is the total carrier generation rate, A is the Shockley-Read-Hall nonradiative 
recombination coefficient, B is the radiative recombination coefficient, C is the Auger 
nonradiative recombination coefficient, and n is the carrier concentration. This 
equation means, for certain excitation level, there is a balance carrier concentration, 
where the carrier generation rate is equal to the decay rate (nonradiative and radiative). 
 
Figure 4.6 (a) Room temperature PL spectra of a single InP nanowire from the array 
grown at 730 °C for five different excitation power densities. Power dependent PL data 
is obtained from a single nanowire grown at 730 °C using a CW laser. (b) Fitting the 
excitation power density vs. integrated PL intensity data to estimate IQE. The 
integrated PL intensity at various excitation power densities is shown as the data points. 
The red line is the fit to the data using Equation 4.6, with parameters C1 = 0.09 and C2 
= 0.08, C3 = 0. (c) IQE as a function of excitation power density for nanowires grown 
at 730 and 700 °C. IQE for an InP wafer and InP epilayer are also shown for 
comparison. The data points are calculated from fitting the variation in PL intensity 
with excitation power density using the method described by Yang-Seok Yoo et al.,17 
and the lines are calculated using an alternative approach based on the ratio of minority 
carrier and radiative lifetimes, 𝑄𝐸 = 𝜏𝑚𝑐 𝜏𝑟⁄ . The error bars shown are based on IQE 
estimation from PL vs power density measurements on three individual nanowires. 
Because the integrated PL intensity ( 𝐼𝑃𝐿 ) is proportional to the radiative 
recombination rate, and G is linearly dependent on laser power (𝑃𝑙𝑎𝑠𝑒𝑟), we have: 
𝐼𝑃𝐿 = 𝑎𝐵𝑛
2                                                           (4.3) 
G = x𝑃𝑙𝑎𝑠𝑒𝑟                                                           (4.4) 
where a is a constant determined by the volume of the excited active region and the 
total collection efficiency of luminescence, and x is a coefficient which is determined 
by the sample absorption. Then Equation 4.2 can be rewritten as 
                                  𝑃𝑙𝑎𝑠𝑒𝑟 =
𝐴
𝑥√𝑎𝐵
√𝐼𝑃𝐿 +
1
𝑥𝑎
𝐼𝑃𝐿 +
𝐶
𝑥[𝑎𝐵]3 2⁄
𝐼𝑃𝐿
3 2⁄                          (4.5) 
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This equation can be simplified to Equation 4.6 by changing the terms 
𝐴
𝑥√𝑎𝐵
, 
1
𝑥𝑎
 and 
𝐶
𝑥[𝑎𝐵]3 2⁄
 using the fitting parameters 𝐶1, 𝐶2, 𝐶3.  
𝑃𝑙𝑎𝑠𝑒𝑟 = 𝐶1√𝐼𝑃𝐿 + 𝐶2𝐼𝑃𝐿 + 𝐶3𝐼𝑃𝐿
3 2⁄                          (4.6) 
IQE can then be expressed as: 
                                                 IQE =
𝐵𝑛2
𝐺
=
𝑎𝐵𝑛2
(𝑥𝑎)𝑃𝑙𝑎𝑠𝑒𝑟
=
𝐼𝑃𝐿𝐶2
𝑃𝑙𝑎𝑠𝑒𝑟
                                         (4.7) 
Therefore, from fitting the value of 𝐶2, IQE can be calculated. 
Here, power dependent PL data was acquired at room temperature using a 532 nm 
continuous wave laser with power density ranging from 3.6 to 30.1 kW/cm2. A 50x 
(NA=0.55) objective lens was used to focus the laser beam to a spot size of 1 µm on 
single nanowires transferred onto ITO-coated glass substrate. All measurements were 
taken at room temperature. Figure 4.6a shows the PL spectra at different excitation 
power densities for a single nanowire grown at 730 °C.  
Figure 4.6b shows the integrated PL intensity from the 730 C nanowire measured 
at various excitation power densities. Equation 4.6 is used to fit the experimental data 
points, shown by the red line. The IQEs at various excitation power densities are then 
estimated from the parameters derived from this fit. The IQE as a function of excitation 
power density is estimated using this approach for several different samples, and is 
shown as points in Figure 4.6c. The error bar shows the variation in IQE from 
measurements on three single nanowires grown at the same condition.  
The IQE for the nanowires grown at 730 °C is 26% at an excitation power density 
of 3.6 kW/cm2 and increases to 50% at 30.1 kW/cm2. The increase in the estimated 
IQE with excitation power density can be attributed to a reduction in 𝜏𝑟 with increasing 
photo-generated carrier density. The IQE data for the nanowires grown at 700 °C is 
also shown in the Figure 4.6c. The IQE is higher for samples grown at higher growth 
temperature, consistent with the higher crystal quality of that sample.  
The IQE for an InP epilayer and an InP wafer are also shown in Figure 4.6c for 
comparison. The wafer and the epilayer have IQE of 5% and 24% at 3.6 kW/cm2 and 
20% and 51% at 30.1 kW/cm2, respectively. The IQE of nanowires grown at 730 °C is 
much larger than that of the wafer and is comparable to that of the epilayer, which is 
an indication that they have excellent optical quality. It is worth noting that IQEs of up 
to 25% have been evaluated for WZ InP nanoneedles at room temperature.18, 19 We 
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attribute our higher IQE to the better crystal quality of our nanowires. Since the growth 
temperature is higher in our nanowires than in the nanoneedles case (400-450 ºC), our 
nanowires have less impurity incorporation.20 Impurities can act as nonradiative 
recombination centers, hence lower level of impurities will increase 𝜏𝑛𝑟  of the 
nanowires, resulting in a higher IQE. 
 
Figure 4.7 Electric field intensity profile across the cross-section of an InP nanowire 
lying on SiO2 substrate, illuminated by a Gaussian source from above (the yellow spot 
above the nanowire). The black solid lines show the outline of the simulated structure 
used in the FDTD simulation. 
The second approach to estimate the IQE of the nanowires is calculated by 
estimating the steady-state carrier density (𝑁) within the nanowire at each excitation 
power density. The carrier generation rate due to photo-excitation (𝐺𝑔𝑒𝑛) is estimated 
using Equation 4.8,  
                                               𝐺𝑔𝑒𝑛(𝑐𝑚
−3𝑠−1) =
𝜂𝑝∙𝑃𝑙𝑎𝑠𝑒𝑟
𝑉∙ℎ𝑐/𝜆𝑙𝑎𝑠𝑒𝑟
                                     (4.8) 
where 𝜂𝑝 is the pumping efficiency (fraction of incident photons absorbed), 𝑃𝑙𝑎𝑠𝑒𝑟 is 
the excitation power (J/s), V (cm3) is the nanowire volume excited by the incident laser 
beam and ℎ𝑐 𝜆𝑙𝑎𝑠𝑒𝑟⁄  is the energy of the excitation photons. 𝜂𝑝 is calculated from 3D 
finite-difference time-domain (FDTD) simulations, using the software package by 
Lumerical Solutions Inc. In this simulation, a Gaussian source (free-space wavelength 
of 532 nm and waist diameter of 1 µm) is injected towards a hexagonal nanowire lying 
on a glass substrate, to simulate the experimental configuration. Figure 4.7 shows the 
cross-section of the simulated structure and the electric field intensity profile across 
the nanowire from the FDTD simulation. The nanowire has a diameter of 200 nm and 
a length of 6 µm. The complex refractive index values used were: InP (3.70+0.427i) 
and SiO2 (1.46+0i). In this simulation, the total power absorbed by the nanowire is 
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recorded. The average value of 𝜂𝑝, taken from two simulations using orthogonal source 
polarizations, is estimated to be 27.8%. 
Under steady-state condition, the rate of carrier generation equals the rate of carrier 
recombination in the nanowire. The rate of carrier recombination in the nanowire can 
be expressed as 𝐴𝑁 + 𝐵𝑁2, where A is the nonradiative recombination coefficient, B 
is the radiative recombination coefficient and 𝑁 is the carrier density (cm-3) within the 
nanowire. The effect of Auger recombination is not included in this analysis, since 
Auger recombination is insignificant at the photo-generated carrier densities 
investigated ( 𝑁 < 2×1018 cm-3 ).21 Under steady-state conditions 
𝑑𝑁
𝑑𝑡
= 0 and we can 
write:  
                                                   𝐴𝑁 + 𝐵𝑁2 − 𝐺𝑔𝑒𝑛 = 0                                          (4.9) 
The value of B is 2.65×10-10 cm3/s, calculated from the approach outlined by 
Garbuzov.22 Solving Equation 4.9 for 𝑁  (using quadratic formula) and using the 
relation 𝜏𝑟 = 1/(𝐵𝑁), we get: 
                                                 𝜏𝑟 =
2
√(
1
𝜏𝑛𝑟
)2+4𝐵∙𝐺𝑔𝑒𝑛−
1
𝜏𝑛𝑟
                                                      (4.10) 
The experimentally measured 𝜏𝑚𝑐 is related to 𝜏𝑟 and 𝜏𝑛𝑟 via Equation 4.11 and the 
IQE is related to 𝜏𝑟  and 𝜏𝑛𝑟 via Equation 4.12: 
                                                                
1
𝜏𝑚𝑐
=
1
𝜏𝑟
+
1
𝜏𝑛𝑟
                                                      (4.11) 
                                                                 𝐼𝑄𝐸 =
𝜏𝑛𝑟
𝜏𝑟+𝜏𝑛𝑟
                                              (4.12) 
Equations 4.10, 4.11 and 4.12 are used to estimate the IQE as a function of excitation 
power, assuming 𝜏𝑛𝑟  remains independent of excitation power. The experimentally 
determined value of 𝜏𝑚𝑐  (Section 4.3) is used in these calculations. The IQE calculated 
from 𝜏𝑟 and 𝜏𝑛𝑟 as a function of excitation power density is shown by the solid lines 
in Figure 4.6c. The IQE calculated using this approach agrees very well with the IQE 
estimated by fitting the PL emission intensity with excitation power density. 
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4.5 Room temperature InP nanowire lasers 
The excellent structural and optical quality of the InP nanowires for a broad range of 
diameters makes them well suited for nano-optoelectronic device applications, 
especially as lasers which require a larger diameter to support the optical mode and 
reduce lasing threshold. Nanowires transferred onto a low index substrate serve as a 
Fabry–Pérot cavity; supporting guided modes along the nanowire and providing 
optical feedback due to the large refractive index contrast at nanowire ends.  
 
Figure 4.8 The modelled threshold gain for different guided modes as a function of 
nanowire diameter. The inset shows an InP nanowire with a hexagonal cross-section 
lying on a SiO2 substrate and the diameter is defined as the widest length of the 
cross-section.23 
Nanowire laser modelling is carried out firstly to optimise the dimensions of an InP 
nanowire which require the lowest threshold gain (𝑔𝑡ℎ). The InP nanowire is modelled 
as a hexagonal prism with the index of 3.4 and the index of the substrate was 1.5. 
Modes are calculated at wavelength of 880 nm, which is the room-temperature WZ 
InP band edge emission.24 𝑔𝑡ℎ  is calculated using Γ𝑔𝑡ℎ~
1
𝐿
𝐼𝑛(
1
𝑅
)  for the different 
guided modes,25 where R is the mode reflectance at the nanowire/air interface, Γ is the 
mode confinement factor, and L is the cavity length. R and Γ for different modes is 
numerically evaluated using finite-difference time-domain (FDTD) simulations 
(FDTD Solutions, Lumerical Inc.). L is assumed to be 5 µm and it has been found that 
the threshold gain is lowest (550 cm-1) for the first transverse magnetic (TM01) mode 
for a nanowire with a diameter of 500 nm as shown in Figure 4.8.23 
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Figure 4.9 SEM images of an InP nanowire grown at 730 °C lying on an ITO-coated 
glass substrate after transferring from the growth substrate. (a) Close-up image of the 
bottom end facet shows a relatively flat surface. (b) Side view of the same nanowire 
shows that it has a homogeneous diameter from bottom to top (untapered) and that the 
top end {111}A facet is flat (right hand side of the nanowire).  
Figure 4.9 shows the SEM image of a large diameter stacking fault-free nanowire 
transferred onto an ITO-coated SiO2 substrate. The nanowire is uniform in diameter 
and has a hexagonal cross-section. The broken end facet of the nanowire is relatively 
flat, and so these nanowires provide both a good optical cavity and high quality gain 
medium. 
 
Figure 4.10 Room temperature lasing from an optically pumped single InP nanowire 
grown at 730 °C. (a) The nanowire emission spectra on a log-scale at three different 
excitation power densities (110, 130 and 150 µJ/cm2/pulse); corresponding to spectra 
below threshold (green), at threshold (orange) and above threshold (brown), 
respectively. (b) Emission intensity from a single nanowire as a function of pump 
fluence (filled circles) shows an ‘S’ type behaviour on the log-log scale. The grey 
region highlights the lasing threshold region. The FWHM of the nanowire emission 
spectrum (filled triangles) dramatically reduces from 70 to 1 nm at threshold. The 
inset shows the optical microscope image of the nanowire emission above threshold. 
The rectangle highlights the outline of the InP nanowire. The two bright spots 
correspond to the nanowire ends. The interference pattern observed in the image is due 
to coherent emission from the nanowire ends. (c) Integrated emission spectra, showing 
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the contribution from the spectrally broad spontaneous emission and the narrow lasing 
peak, as a function of pump fluence. The grey region highlights the threshold region.  
Optical pumping experiments were performed at room temperature to characterise 
the lasing behaviour of these nanowires. Figure 4.10 shows the intensity of nanowire 
emission as a function of pump fluence from a single nanowire, with diameter of 480 
nm and length of 6.5 µm, lying on ITO-coated glass substrate. The emission spectrum 
below threshold, at threshold and above threshold is shown in Figure 4.10a. A narrow 
lasing peak at 1.38 eV appears on the shoulder of the broad spontaneous emission 
spectrum at a pump fluence of 130 µJ/cm2/pulse. The intensity of this narrow peak 
continues to increase with increasing pump fluence, whereas the intensity of the 
spectrally broad spontaneous emission is clamped, indicating the onset of lasing. The 
lasing peak wavelength does not match the nanowire bandgap, because the lasing peak 
wavelength has to satisfy the resonance condition of the Fabry–Pérot cavity, which is 
determined by the nanowire length. Another factor that can result in the mismatch 
between lasing wavelength and bandgap is heating in the nanowire. This is induced by 
the pump laser, which effectively causes a redshift in the emission wavelength. Figure 
4.10b shows s-type behaviour data on the logarithmic plot of light input vs light output, 
which is typical of lasers. The shaded region indicates transition from spontaneous 
emission to stimulated emission. The transition is accompanied by a narrowing of the 
emission spectrum, as shown by the triangular points, where the FWHM of the 
nanowire emission reduces from 70 to 1 nm. The inset in Figure 4.10b shows the 
optical image of the nanowire emission taken above threshold, at pump fluence of 170 
µJ/cm2/pulse, with the excitation laser filtered out. Intense emission is observed from 
the nanowire ends (two bright spots in the image), which confirms that lasing is due to 
guided modes supported along the nanowire axis. The interference pattern observed in 
the image is a consequence of coherent laser emission from the nanowire ends, and is 
yet again another characteristic of lasing. Figure 4.10c shows the integrated emission 
spectra as a function of pump fluence. Below threshold, the spontaneous emission 
intensity increases linearly with pump fluence. Above threshold, the spontaneous 
emission intensity is clamped, whereas the total emission intensity (intensity of the 
lasing peak + spontaneous emission intensity) increases linearly with pump fluence. 
The clamping of spontaneous emission results from the clamping of the carrier density 
at threshold, and is an important indicator to show the onset of lasing.  
The lasing threshold of our stacking fault-free InP nanowires is lower than 
previously demonstrated GaAs nanowire lasers11, 26 due to higher IQE, significantly 
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lower SRV and good morphology, i.e. taper-free along nanowire axis and flat end 
facets. It should be noted that our nanowires do not have any surface passivation. In 
comparison to previously reported InP nanowire lasers,19, 27 which lase from 
whispering gallery modes, our lasers have smaller diameters, and lase from low order 
waveguide modes. 
4.6 Nanoscale transfer printing technique 
Nanowire lasers are promising building blocks for photonic integrated circuits, optical 
interconnects, nanoscale light sensors and so on.28-31 However, due to their ultrasmall 
dimensions, the accurate manipulation, organization and transferring of nanowire 
lasers are fundamental challenges, which limits the development of nanophotonic 
system using nanowire lasers.28, 29 A novel nanoscale transfer printing technique has 
been developed by our collaborators at the University of Strathclyde.32 This technique 
utilizes a modified dip-pen lithography system, allowing nanometer positioning 
control of a bespoke polymer µ-stamp.33, 34 The µ-stamps, as shown in Figure 4.11, are 
used to controllably capture the InP nanowire lasers from the donor substrate (Si) and 
release them at targeted locations onto a selected receiver substrate.  
 
Figure 4.11 Micrographs of the µ-stamps. (a) Stamp with a flat tip designed for 
transferring large diameter nanowires and (b) the elongated pyramid (tent-like) tipped 
µ-stamp, suitable for small diameter nanowires transferring. Apart the tip shapes, both 
stamps have the same dimensions and are fabricated in PDMS at a 10:1 mixture with 
the potting agent.32 
Figure 4.12 shows the schematic diagram of the sequential stages for the nanoscale 
transfer printing technique. Using this technique, our InP nanowire lasers are 
successfully transferred from Si substrates and printed onto heterogeneous surfaces, 
including polydimethylsiloxane (PDMS), silica and gold. The transfer printing process 
does not damage the nanowires and lasing emission is achieved from the InP nanowire 
lasers after their controllable release onto the targeted substrates, as shown in Figure 
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4.13, which highlights the robustness of our SAE InP nanowire lasers. This nanoscale 
transfer printing technique offers great opportunities for novel routes to fabricate 
tailored nanophotonic devices using nanowire lasers as building blocks. 
 
Figure 4.12 Schematic diagram of the sequential stages for the nanoscale transfer 
printing platform.32 
 
Figure 4.13 (a) Lasing threshold curve and (b) emission spectrum for a representative 
printed InP nanowire laser onto silica substrate.32 
4.7 Summary 
In conclusion, PL and TRPL measurements are used to study the optical properties of 
undoped InP nanowires. The optical properties of InP nanowires improve with 
increasing nanowire growth temperature, consistent with the nanowire crystal structure 
properties as discussed in Chapter 3. The stacking fault-free WZ InP nanowires grown 
at 730 °C have the best optical properties, with high PL intensity, narrow linewidth of 
band gap emission, long 𝜏𝑚𝑐 (1.6 ns), low SRV (161 cm/s) and high IQE (50 %). The 
IQE of stacking fault-free WZ InP nanowires are quantified to be equivalent to the best 
quality 2D layers. As a result of the excellent structural and optical quality of the 
nanowires, low threshold room temperature lasing from conventional guided modes is 
obtained. These nanowires can be precisely transferred to different targeted substrates 
Chapter 4 Optical properties of undoped InP nanowires 
80 
 
using nanoscale transfer printing technique and lasing emission is achieved after 
transferring, which means the quality of the nanowires is not compromised during the 
transfer printing processes. The ability to achieve room temperature nanowire lasing 
combined with the nanowire transfer printing technique open new opportunities for 
nanowire-based device applications across multiple research fields, such as on-chip 
optical communications, sensing, biophotonics. 
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Chapter 5  
InP nanowire doping study 
5.1 Introduction 
Based on efficient strain relaxation as a result of high surface-to-volume ratio, high 
quantum efficiency, controllable band structure, semiconductor III-V nanowires are 
promising building blocks for nanoscale devices such as solar cells,1, 2 lasers,3 
photodetectors,4 waveguides,5 field effect transistors,6 single-electron transistors,7 
spin-orbit qubits8 and light-emitting diodes.9 The ability to precisely dope these 
nanowires to control their electrical properties is crucial for the operation of these 
nanoscale devices. Although doping in nanowires has been extensively investigated10-
13 there are still many challenges in controlling the doping of nanowires, due to the 
complexity of nanowire growth. In this chapter, the effects of doping and pattern 
dimensions on nanowire morphology and crystal structure are studied using scanning 
electron microscopy (SEM) and transmission electron microscopy (TEM), as shown 
in Section 5.3. Both Si-doped and Zn-doped InP nanowires grown via selective area 
epitaxy (SAE) are investigated.  
One of the main challenges to study the doped nanowires is the lack of a simple and 
efficient way of measuring the doping concentration in nanowires such as conventional 
capacitance-voltage spectroscopy and Hall effect measurements, mainly due to the 
small size of nanowires and the difficulty in interpreting the results. Currently, the most 
common method for measuring the doping level of individual nanowire is through 
four-probe measurements and gate measurements with nanowire field-effect 
transistor,10, 14, 15 where the doping concentration can be estimated from the measured 
conductivity and field-effect mobility of nanowires. However, this technique requires 
complex nanofabrication processes to make the electrical contacts.  Salehzadeh et al.16 
used nanoprobe inside a scanning electron microscope for electrical measurements (J-
V curve) of individual nanowires in order to extract the doping concentration, but this 
technique requires a metal catalysed nanowire to provide a reliable Ohmic contacts. 
Parkinson et al.17, 18 developed a terahertz photoconductivity spectroscopy technique 
to estimate the doping concentration but it can only be used on nanowire ensembles, 
and is only sensitive to electron concentrations. Indeed, all these methods cannot be 
used to measure the doping distribution along an individual nanowire. Storm et al.19 
employed both spatially-resolved Hall effect and cathodoluminescence to measure the 
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doping distribution; however this method is time-consuming which requires 
complicated device fabrication steps. Using secondary ion mass spectrometry, Chia et 
al.20 are able to extract the doping profiles along nanowire but this technique is both 
time-consuming and complex in sample preparation. More advanced optical methods 
such as infrared near-field nanoscopy21 where scattering-type near-field scanning 
optical microscopy is used to achieve visualization of free-carrier concentration 
distribution with 20 nm spatial resolution. However, these are specialized methods and 
do not allow a routine measurement of the doping profile across the nanowire. In this 
chapter, the nanowire doping concentrations are extracted by four-probe measurements 
and a newly developed optical method. By combining power dependent 
photoluminescence (PL) and time-resolved PL (TRPL) measurements, a simple optical 
method to evaluate the internal quantum efficiency (IQE), non-radiative lifetime and 
doping concentration of nanowires is demonstrated in Section 5.4.  
5.2 Experimental 
For doping study, InP nanowires were grown on patterned undoped InP (111)A 
substrates with an opening diameter of 200 nm and a spacing of 800 nm by 
metalorganic vapour-phase epitaxy (MOVPE). As reference, undoped InP nanowires 
were grown at 730 °C for 20 min with trimethylindium and phosphine at a flow rate of 
6.1×10-6 and 4.9×10-4 mol/min, respectively. Pure wurtzite (WZ) crystal phase and 
excellent optical properties of these nanowires have been shown in Chapter 3 and 
Chapter 4, respectively. Silane (SiH4) and diethylzinc (DEZn) were introduced during 
the growth of n-doped and p-doped InP nanowires, respectively, with all the other 
parameters kept the same as the undoped InP nanowires. Samples grown under other 
growth conditions will be specified in the text. 
To study the doping concentration using PL and TRPL measurements, the InP 
nanowires were dispersed on a Si substrate which was mounted on a 2D motorized 
motion stage (Newport) with 200 nm minimum incremental motion. The PL and TRPL 
setups were described in Chapter 2. For each excitation point on the nanowire, power 
dependent PL measurement and PL intensity decay at peak wavelength were carried 
out to extract the doping concentration.  
5.3 Growth of doped nanowires 
5.3.1 Growth of Si-doped InP nanowires 
To study the effect of pattern dimensions on Si-doped InP nanowires, undoped, lightly 
doped and highly doped InP nanowires were grown with the SiH4 flow rates of 0, 
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5.1×10-8 and 3.1×10-7 mol/min, respectively. For each sample, the diameter of hole 
opening was around 200 nm with spacing varying from 400 to 1200 nm. Figure 5.1a-
c show the SEM images of highly doped InP nanowires with different pitches. As 
shown in the SEM images, the nanowires with the spacing of 800 and 1200 nm have 
good surface morphology and relatively uniform length, however with some deviation 
from perfect hexagonal cross-section due to the relatively large nanowire spacing and 
a consequent non-uniform lateral growth, which has also been observed previously in 
undoped nanowires.22 High resolution TEM (HRTEM) image of a typical highly doped 
InP nanowire show pure WZ crystal phase along the nanowires, as shown in Figure 
5.1d, which indicates that introducing Si during the growth does not affect the 
nanowire crystal structure under the optimised growth conditions. 
 
Figure 5.1 SEM images at 30° tilt view of the InP nanowires grown from the substrates 
patterned with hexagonal arrays of circles with diameter of 200 nm and spacing of (a) 
400, (b) 800 and (c) 1200 nm, respectively. The flow rate of SiH4 was 3.1×10-7 mol/min. 
Insets show the corresponding top view SEM images. (d) HRTEM image of a typical 
Si-doped InP nanowire shown in (b). (e) Nanowire lateral growth, (f) length and (g) 
doping concentration as a function of pattern spacing for Si-doped InP nanowires. The 
doping concentration is estimated using a newly developed optical method as described 
in section 5.4.2. The flow rates of SiH4 for undoped, lightly doped and highly doped 
InP nanowires were 0, 5.1×10-8 and 3.1×10-7 mol/min, respectively.  
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Figure 5.1e shows the nanowire lateral growth as a function of spacing for different 
growth conditions. Here, lateral growth is measured from the difference between the 
nanowire diameter and the diameter of opening. At the same growth condition, larger 
lateral growth is observed from the nanowires grown from the pattern with larger 
spacing, which is due to the larger collection area around the openings which allows 
for more adatoms to diffuse towards the nanowires and contribute to lateral growth. 
The lateral growth is 20, 57 and 81 nm for undoped, lightly doped and highly doped 
InP nanowires at the spacing of 1200 nm, respectively. Larger lateral growth is 
observed from the nanowires grown with higher SiH4 flow rate, which indicates that 
the presence of Si reduces the adatom diffusion length.23 Figure 5.1f shows the 
nanowire length as a function of spacing for different growth conditions. The nanowire 
length increases with increasing spacing, which is due to the larger collection area 
around the openings as discussed before.  
The doping concentrations of Si-doped InP nanowires are extracted using a newly 
developed optical method. The details of this method will be discussed in Section 5.4.2. 
As shown in Figure 5.1g, smaller doping concentration has been extracted from the 
nanowires grown with larger spacing. It has been reported that the doping 
concentration is smaller for nanowires grown with faster growth rate because the 
enhanced growth rates effectively dilute the dopant incorporation.24, 25 Therefore, the 
decrease in nanowire doping concentration for the nanowires grown from the pattern 
with larger spacing was attributed to the faster axial growth rate as shown in Figure 
5.1f. This result will have to be taken into consideration in the future for designing 
high performance nanowire-based optical and electronic devices such as nanowire 
solar cells and light-emitting diodes. 
5.3.2 Growth of Zn-doped InP nanowires 
Figure 5.2a-c shows the SEM images of Zn-doped InP nanowires grown from the 
patterned substrates with hole opening diameter of 200 nm and spacing of 400, 800 
and 1200 nm, respectively. As shown in the inset images, some deviation from perfect 
hexagonal cross-section can be observed for these three samples, which has also been 
observed previously in the undoped and Si-doped nanowires.22 The non-uniform lateral 
growth could due to the local variation of the flux and the mask surface. Due to the 
larger collection area around the openings, the diameter and length of Zn-doped 
nanowires increase with increasing spacing as shown in Figure 5.2d-e. The lateral 
growths are 20 and 50 nm for undoped and Zn-doped InP nanowires at the spacing of 
1200 nm, respectively. Zn-doped nanowires have larger lateral growth than undoped 
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nanowires, which indicates that the presence of Zn reduces the adatom diffusion length. 
HRTEM images of Zn-doped InP nanowire show pure WZ crystal phase along the 
nanowire, evident by a typical HRTEM image taken from the top of a nanowire, as 
shown in Figure 5.2f. Similar to Si-doped InP nanowires, introducing Zn during the 
growth does not affect the nanowire crystal structure under the optimised growth 
condition. 
 
Figure 5.2 SEM images at 30° tilt view of InP nanowires grown from the substrates 
patterned with hexagonal arrays of circles with diameter of 200 nm and spacing of (a) 
400, (b) 800 and (c) 1200 nm, respectively. The flow rate of DEZn was 2×10-5 mol/min. 
Insets show the corresponding top view SEM images. (d) Nanowire lateral growth and 
(e) length as a function of pattern spacing for Zn-doped InP nanowires. The flow rates 
of DEZn for undoped and Zn-doped InP nanowires were 0, 2.0×10-5 mol/min, 
respectively. (f) HRTEM image of Zn-doped InP nanowire grown from the pattern 
with 800 nm spacing. 
The newly developed optical method is applied to Zn-doped InP nanowires to 
extract the doping concentration. This method will be discussed in detail in Section 
5.4.2. However, despite a high doping concentration aimed for the Zn-doped InP 
nanowires, it appears to be difficult to determine the doping concentration of these 
nanowires, implying that the Zn-doped InP nanowires may be only lightly doped (< 
1×1017 cm-3) due to the relatively high growth temperature of 730 ºC used for the 
nanowire growth which might cause Zn evaporation during the growth. Further 
experiments to characterise the doping concentration of Zn-doped InP nanowires using 
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electrical methods such as four-point probe measurements and gate measurements are 
required for better understanding the Zn-doped InP nanowires.  
5.4 Method for characterising nanowire doping 
5.4.1 Electrical method 
 
Figure 5.3 (a) SEM image of an undoped nanowire after fabricating a four-terminal 
contact. The I-V plot (data points) of (b) a Si-doped nanowire and (c) an undoped 
nanowire. The curves are fitted to the data point using COMSOL to extract the doping 
concentration.  
As mentioned in Chapter 2, four-probe measurements are a common electrical method 
for measuring the conductivity of nanowires, which can be used to estimate the doping 
level of individual nanowires. In this section, four-probe measurements are used to 
characterise the undoped and Si-doped InP nanowires. The growth conditions for 
undoped nanowires are described in Section 5.2. For Si-doped InP nanowires, the 
dopant SiH4 was introduced during the growth with flow rate of 3.1×10-7 mol/min, with 
all other parameters kept constant. The single nanowire devices used for I-V 
measurements were fabricated by electron beam lithography with four contact 
terminals as shown in Figure 5.3a. The measured I-V curves of the Si-doped and 
undoped nanowires are shown in Figure 5.3b and 5.3c, respectively, where the current 
for the Si-doped nanowire is substantially larger than that for the undoped nanowire. 
The extremely low current of the undoped nanowire results from large surface 
depletion region for nanowires with low doping density (120 nm for doping 8×1016 cm-
3) according to26, 27 
                                  −
𝜔2
2
+ 𝑟0𝜔 − (𝑟0 − 𝜔)
2𝑙𝑛 (
𝑟0
𝑟0−𝜔
) =
2𝜖𝜖0𝛷
𝑒𝑁𝐷
                                     (5.1) 
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where ω is the depletion region, r0  is the radius of the nanowire, Φ is the surface 
potential (0.45 V in n-doped InP28) and ND is the doping density. According to this 
equation, the calculated depletion width for different doping density is shown in Figure 
5.4. For the Si-doped nanowire, the I-V curve can be well fitted with doping 
concentration of 5.8×1017 cm-3 using the COMSOL Multiphysics software, which 
involves solving drift-diffusion equations for carrier transport. During the fitting, the 
nanowire was treated as a cylinder, with its two ends covered by ideal Ohmic contacts. 
The contact resistance for actual Ohmic contact was modelled as a resistor in series 
with the nanowires. The active area of nanowire was estimated by its effective radius, 
which is calculated by subtracting depletion region from nanowire radius. The fitting 
parameters are listed in Table 5.1. 
 
Figure 5.4 Calculated depletion width as a function of doping density for an n-doped 
InP nanowire. The radius of the n-doped InP nanowire is 110 nm. The schematic 
diagram shows the relationship between radius and depletion region of the nanowire. 
 Si-doped nanowire Undoped nanowire 
Nanowire radius (nm) 110  120 
Depletion region (nm) 39.4 106.8 
Nanowire length (μm) 7  7 
Contact length (nm) 800 800 
Donor concentration (n-doping) ( cm−3) (5.8 ± 0.2) × 1017 (0.5 ± 0.2) × 1017 
Minority carrier mobility (cm2V-1s-1) 120  120 
Table 5.1 Parameters used for simulation of the I-V curve for Si-doped and undoped 
nanowires. 
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The doping concentration is estimated using the mobility value of 120 cm2V-1s-1, 
which is taken from the literature for undoped InP nanowires.17 It is known that an 
increase in doping concentration will result in lower mobility, which indicates that the 
doping concentration obtained from our electrical measurement is slightly 
underestimated.  
5.4.2 A new optical method 
Although the doping concentration of InP nanowires can be estimated using electrical 
measurements, the complex nanofabrication processes to form electrical contacts is 
time-consuming. Furthermore, this method cannot extract the doping concentration 
along the nanowire. Simpler methods are required to better study the nanowire doping. 
In this section, a new optical method to evaluate the IQE, non-radiative lifetime and 
doping concentration of nanowires is demonstrated by combining power dependent PL 
and TRPL measurements. This new method is based on the analysis of carrier rate 
equation, which is written as: 
                                       
𝑑𝑛
𝑑𝑡
= 𝐺 −
𝑛
𝜏𝑛𝑟
− 𝐵(𝑁𝐷 + 𝑛)𝑛 −
4𝑆
𝑑
𝑛                                         (5.2) 
where 𝑛(𝑡) is the time dependent carrier density , 𝐺 is the carrier generation rate, 𝜏𝑛𝑟 
is the non-radiative recombination lifetime, 𝐵  is the radiative recombination rate 
constant, 𝑁𝐷  is the doping concentration, 𝑆  and 𝑑  are the surface recombination 
velocity and diameter of InP nanowires, respectively.  Here the Auger recombination 
rate is ignored due to the small excitation power used in our measurements. For a 
pulsed laser, it is assumed that carriers are generated as a delta function at t=0; therefore 
G is equal to zero (the initial carriers are only induced at t=0). As shown in Chapter 4, 
the surface recombination velocity of our SAE InP nanowires is about 161 cm/s, which 
indicates that the surface-related term 4Sn/d is far less than non-radiative 
recombination term n/𝜏𝑛𝑟. As a result, the final term in equation (5.2) can be ignored. 
Setting 𝜏𝑛𝑟 and N1=1/ (𝐵𝜏𝑛𝑟) as the system time and carrier density unit respectively, 
the unitless rate equation can be rewritten as: 
𝑑𝑛′
𝑑𝑡′
= −(1 + 𝑛𝐷)𝑛′ − (𝑛
′)2                                  (5.3) 
where n’ is the carrier density in units of N1; 𝑛𝐷 is the doping density in unit of N1; t’ 
is the time in units of 𝜏𝑛𝑟. Solving this rate equation, the power dependence curve can 
be expressed as 
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                           𝐼(𝑃) ∝ 𝑛𝑟𝑎𝑑 = 𝑙𝑜𝑔 (
1+𝑛𝐷
𝑛0
) − 𝑙𝑜𝑔 (
1+𝑛0+𝑛𝐷
𝑛0
) + 𝑛0                             (5.4) 
where 𝑛𝑟𝑎𝑑 represents the carrier density involved in radiative recombination, 𝑛0 is 
the initial carrier density which is proportional to incident laser power.  
 
Figure 5.5 (a) Integrated PL intensity as a function of excitation power. Fitting to the 
curves is provided by a simplified rate equation from three spatially selected points 
from an undoped InP nanowire. (b) The power-dependent IQE extracted from the 
fitting of the carrier rate equation. (c) The PL intensity decay of this sample is fitted 
by a single exponential decay with a lifetime of 1.1 ns. 
Figure 5.5 shows the data used in this method to estimate the doping concentration, 
IQE and non-radiative lifetime. Figure 5.5a is the power dependent PL intensity curve 
from an undoped InP nanowire. The growth condition has been provided in Section 
5.2 and their structural properties has been discussed in Section 5.3.1. By fitting these 
power dependent curves, the doping concentration in units of N1 can be extracted. The 
corresponding IQE can be calculated by applying the fitted doping density, according 
to  𝐼𝑄𝐸 = 𝑛𝑟𝑎𝑑/𝑛0 , which is shown in Figure 5.5b. Using the resultant doping 
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concentration in units of N1, the total carrier decay curve can be calculated from the 
rate equation as: 
                                                 𝑛′(𝑡′) =
𝑛0
1+𝑛𝐷+𝑛0
(1+𝑛𝐷)
𝑒(1+𝑛𝐷)𝑡′−
𝑛0
1+𝑛𝐷+𝑛0
                                                   (5.5) 
which is proportional to the intensity decay. By fitting this equation to emission 
intensity decay which is shown in Figure 5.5c, the non-radiative lifetime, 𝜏𝑛𝑟 of 1.1 ns 
can be extracted for the undoped sample. Considering the value of 𝜏𝑛𝑟  and 𝐵, the 
doping concentration can be calculated. This yields (1.01±0.23) ×1017 cm-3 for the 
undoped sample. Here B is 1.2×10-10 cm3/s according to Levinshtein et al.29. The 
uncertainty in doping level is estimated from 98% confidence level of the fitting 
analyses. The doping level for undoped nanowires may result from both the surface 
states which behave as donors17 and/or impurities during growth22.  
 
Figure 5.6 (a) SEM image of a Si-doped InP nanowire. (b) The doping profile, (c) the 
measured non-radiative lifetime, and (d) the measured peak position of the PL 
spectrum along the axis of the Si-doped nanowire as shown in (a). The scale bar in (a) 
represent a length of 2 µm. 
As mentioned in Section 5.2, nanowires are dispersed on a Si substrate which is 
mounted on a 2D motorized motion stage for the optical measurement. The spot size 
of excitation laser is 0.305 µm for the direction along the nanowire and 0.233 µm for 
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the direction perpendicular to the nanowire, calculated by vector diffraction theory.30,31 
Mapping of the nanowire can be carried out by moving the 2D stage along the nanowire 
axis, and for each data point the power dependent PL and PL intensity decay 
measurements are taken to extract the doping density, non-radiative lifetime and IQE. 
Therefore, with the new optical method it is possible to probe the doping concentration, 
non-radiative lifetime and IQE along the nanowire axis, which cannot be achieved 
using the four-point probe measurements. For Si-doped InP nanowires, the dopant SiH4 
was introduced during the growth with a flow rate of 3.1×10-7 mol/min, with all other 
parameters kept constant as the undoped nanowires. The growth conditions have been 
provided in Section 5.2 and their structure has been discussed in Section 5.3.1.The 
SEM image and doping concentration distribution of a Si-doped InP nanowire obtained 
by the optical method are shown in Figures 5.6a and 5.6b, respectively. The scale bar 
in Figures 5.6a is 2 µm. The results indicate average doping values are 1.09×1018 cm-3 
for the Si-doped nanowire. The spatially-resolved non-radiative lifetimes determined 
from the fits are shown in Figure 5.6c for Si-doped nanowire. Here the shorter non-
radiative lifetime for doped sample is indication of an inferior crystal quality such as 
higher point defect concentration and/or stronger free carrier absorption. From these 
results, we can conclude that doping decreases the non-radiative lifetime. 
The PL peak positions for different positions of the Si-doped sample are shown in 
Figure 5.6d. Other optical methods such as PL spectroscopy32 and Raman 
spectroscopy33 can estimate the relative doping concentration value for highly doped 
samples, which give a large enough peak shift in the case of PL spectroscopy and 
phonon frequency shift in the case of Raman spectroscopy. However, the PL peak 
position distributions are affected by excitation condition, intrinsic doping distribution 
and valence band splitting; our results show no linear relationship between PL peak 
position and doping density. Therefore the PL peak position here cannot be used to 
estimate doping density. Compared with other optical methods, this new method is 
more sensitive to measure the doping density, particularly at low doping level or when 
the PL spectrum has overlapping peaks. Furthermore, it does not require precise 
spectrum calibration compared with conventional PL peak fitting and Raman methods.  
5.4.3 Validity of the method 
The premise of this new optical method is that the dynamics of photo-excited carriers 
can be described using a single rate equation as shown in Equation 5.2. As one of the 
most studied III-V nanowires, the band structure of WZ InP nanowires have been 
shown to split into three valence bands, namely the A heavy hole band, B light hole 
Chapter 5 InP nanowire doping study 
94 
 
band and C split off band based on many experimental observations such as low 
temperature photoluminescence excitation34, photocurrent35 and photo-modulated 
Rayleigh scattering36 measurements. PL technique is one of the most straightforward 
tools for probing the emission band. 
 
Figure 5.7 (a) 2D map of power dependent PL spectra of a highly Si-doped InP 
nanowire.  The dotted white line indicates the PL peak position. The PL spectra for an 
excitation power (b) 0.0315, (c) 0.498 and (d) 2.69 µW, were fitted by two Gaussian 
functions. (e) PL peak position as a function of excitation power. 
The PL spectral map of Si-doped WZ InP nanowires for different excitation power 
is shown in Figure 5.7a, where a slight blue peak shift and an increased in full width at 
half maximum with increasing excitation power can be seen. The PL spectra for 
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excitation power of 0.0315, 0.498 and 2.69 µW are shown in Figure 5.7b, 5.7c and 
5.7d, respectively, where each spectrum has been fitted with two Gaussian profiles. 
The higher energy peak position blue shifts to 1.459, 1.466 and 1.474 eV in ascending 
excitation power, while the lower energy peak remains fairly constant at ~1.423 eV. 
The lower and higher energy peaks are attributed to A band and B band, respectively, 
based on the energy gap. The blue shift of the higher energy peak is the result of 
changes in the Fermi level due to Burstein-Moss effect at higher pump power. Since 
the power dependent PL results of Si-doped nanowires show a valence band splitting 
of the A and B bands, it is essential to use spectral time decay to check whether both 
A and B bands can be described by single rate equation. 
The dynamics of carriers in the A and B bands are investigated through TRPL 
measurements, which are able to capture how the emission changes as carrier density 
changes with time. Figure 5.8 shows the time-resolved spectra from one measurement 
point on a Si-doped nanowire for low (0.0314 µW), medium (0.524 µW) and high 
(3.145 µW) excitation power. The two lines on the figures are at 1.423 and 1.459 eV, 
indicating the transition from the conduction band to the A and B bands, respectively. 
For low excitation power, as shown in Figures 5.8a and 5.8b, the peak position of the 
spectra lies between these two energy levels and does not shift much within the first 3 
ns. This is also observed for medium excitation power, as shown in Figures 5.8c and 
5.8d. The result indicates that at room temperature the emission from A and B bands 
cannot be distinguished. Hence they can be described by single rate equation. This may 
be due to the fact that thermal energy at room temperature (kBT=0.0256 eV) is close to 
the energy difference between band A and B (0.036 eV), which decreases the degree 
of carrier confinement of these two bands. For higher excitation power, which is shown 
in Figures 5.8e and 5.8f, the emission peak position is pushed towards the continuum 
state (1.51 eV) just after the excitation pulse, due to the high density of photo-generated 
carriers, which lifts the Fermi level. After 1 ns, the peak energy shifts back to the 
energy range between 1.423 and 1.459 eV as a result of carrier renormalization. Based 
on the above TRPL results, within the lifetime of the nanowires, typically 1 to 1.5 ns 
for the undoped sample and 0.2 to 0.4 ns for the Si-doped sample, the emission can be 
treated as originating from a single state, which is the mixture of the two hole bands. 
This in turn allows the use of a single rate equation (Equation 5.3) to describe the 
carrier dynamics. This new optical method can therefore be used for other material 
systems if the dynamics of photo-excited carriers can be described using a single rate 
equation. 
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Figure 5.8 The PL spectra at various times after laser excitation with a power of (a) 
0.0314, (c) 0.524 and (e) 3.145 µW. The 2D false colour maps of the spectral decay 
under these three excitation powers are shown in (b), (d), and (f) respectively. The 
spectra are measured from the centre of a highly Si-doped InP nanowires.  
5.4.4 Controlled doping profile along the nanowire 
To show the good control in nanowire doping and the power of this new optical 
technique to profile the carrier concentration even along a single nanowire, a specially 
designed doping profile was introduced during growth as shown in Figure 5.9a. For 
these spatially-modulated Si-doped nanowires, the flow rates of SiH4 for undoped, 
lightly doped and highly doped regions were 0, 5.1×10-8 and 3.1×10-7 mol/min, 
respectively, and the growth time was 7.5 minutes for each section. Starting from the 
bottom of the nanowires, it contains 3 different sections with decreasing SiH4 flow 
during growth. The final (fourth) section has a high doping level as with the 
bottommost section in order to facilitate contact fabrication. The length of each section 
is nominally the same. Figure 5.9b shows the doping profile on a colour scale super-
imposed on the SEM image of the nanowire. The zero position indicates the middle 
point of nanowire. The negative position values are in the direction towards the tip of 
the nanowire, which is flatter, while the positive values are towards the base of the 
nanowire, which is broken off the substrate during the transfer process. It can clearly 
be seen that the doping profile as determined by our optical technique follows closely 
that of the designed structure, with the values ranging from 6.34×1016 to 9.63×1017 cm-
3, from the undoped section to the heavily doped section. However, rather than a step-
like profile, the doping concentration along the modulated doped nanowire appears to 
have a somewhat smooth profile, most likely due to the Si dopants diffusion during 
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growth and the carrier diffusion during measurements. It can also be noted that the 
highly doped region at the tip seems to be shorter than the designed value. Most likely 
this is due to the larger gradient of dopants between the highly doped region to the 
undoped region, which leads to a more pronounced diffusion. The PL peak energy 
profile is shown in Figure 5.9c, where the highly doped sections have higher peak 
energy, confirming that the doping is n-type32, 37 and both ends of nanowire have higher 
doping.  
 
Figure 5.9 (a) Schematic showing the nanowire with different doping levels. The 
length of each section is nominally the same. (b) The SEM image of the spatially-
modulated Si-doped InP nanowire. Note that the top of the nanowire, which has a 
flatter surface, is on the left hand side of the figure. (c) The doping concentration 
profile and (d) the PL spectrum peak position at different points along the length of the 
nanowire.  
Following the optical measurement of the modulation-doped nanowire, 
photocurrent mapping method was used to estimate the location of undoped nanowire 
region. In Figure 5.10, the nanowire was contacted by direct laser writing lithography38. 
The photocurrent mapping results for a bias voltage of -1 V (the electrical potential 
being higher at the top of the nanowire) and +1 V (the bottom of the nanowire having 
a higher potential) are shown in Figure 5.10a and 5.10b, respectively, overlaid on the 
SEM image of this device. The power of the incident laser is 3 µW. This 2D 
photocurrent mapping results indicate that reasonable Ohmic contacts have been made 
to the nanowire and photocurrent is mainly generated from the nanowire.39, 40 They also 
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clearly indicate the undoped nanowire region, which exhibits a higher photocurrent 
response. More specifically, the doped segments in the nanowire can be treated as 
separate resistors connected in series. The resistance of the undoped segment 
dominates the total conductivity without illumination. However, under illumination the 
local resistance of the undoped segment will be substantially reduced while the doped 
regions will not show such a large effect because of the higher free carrier density. 
Besides, from Figure 5.10a and 5.10b, the reverse bias (-1 V) provides higher 
maximum current than that for forward bias (+1 V). This is due to the position of 
undoped segment in relation to the two contacts. For the undoped segment, holes limit 
the transport. Thus for reverse bias the holes are closer to the target contact than that 
for forward bias, which results in a higher current flow for a fixed voltage. The high 
photocurrent in region surrounding the undoped region could be due to scattering of 
the laser beam. The dark (black) and illuminated (red) current-voltage (I-V) curves for 
the nanowire device are shown in Figure 5.10c. The linear and symmetric dark I-V 
curve confirms that reasonable Ohmic contacts have been made to the nanowire. The 
large photocurrents obtained at both biases can thus be attributed to carrier generated 
from the undoped nanowire region.  
 
Figure 5.10 2D photocurrent mapping results of the nanowire under a bias of (a) -1 
V and (b) +1 V are overlaid on the SEM image of this device. (c) The dark (black) 
and illuminated (red) I-V curves of the nanowire device. 
Compared with the new optical technique, the electrical measurement is time-
consuming and requires complex nano-fabrication process. Furthermore, this 
experiment shows the ability to characterise the doping concentration profile along the 
nanowires using this new optical technique, which cannot be achieved by electrical 
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measurements. However, the doping concentration along the radial direction cannot be 
investigated due to the large laser spot size compared to the nanowire diameter. 
5.5 Summary 
The effect of doping and pattern dimensions on the morphology and crystal structure 
of Si-doped and Zn-doped InP nanowires have been studied in this chapter. Doped InP 
nanowires remain pure WZ crystal phase with no stacking faults along the nanowires. 
A new method combining power dependent PL and TRPL measurements to study 
nanowire doping concentration is also demonstrated in this chapter. This method is 
able to spatially resolve the doping profile along the length of the nanowire. For doping 
concentration measurements, this contact-free method provides a significant advantage 
compared to conventional electrical characterization methods, where contact pads have 
to be fabricated onto the nanowires. Another advantage of this method is the ability to 
measure these parameters at room temperature without a high vacuum environment. 
Using this method, the doping concentration of Si-doped InP nanowires has been 
studied. However, the doping density of Zn-doped InP nanowires cannot be extracted 
using this method, implying that the Zn-doped InP nanowires may be only lightly 
doped (< 1×1017 cm-3) due to the relatively high growth temperature. Further 
experiments using electrical methods to characterise the doping concentration of Zn 
doped InP nanowires are required to better study the Zn-doped InP nanowires.  
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Upadhyay, S.; So̸rensen, C. B.; Nygård, J.; Fontcuberta i Morral, A. Applied 
Physics Letters 2013, 102, (1), 013117. 
28. Bertness, K. A.; Kendelewicz, T.; List, R. S.; Williams, M. D.; Lindau, I.; 
Spicer, W. E. Journal of Vacuum Science &amp; Technology A 1986, 4, (3), 
1424-1426. 
29. Levinshtein, M. E.; Rumyantsev, S. L.; Shur, M., Handbook series on 
semiconductor parameters. 1. Si, Ge, C (diamond), GaAs, GaP, GaSb, InAs, 
InP, InSb. World Scientific Publishing Company, Incorporated: 1996. 
30. Torok, P.; Varga, P.; Laczik, Z.; Booker, G. R. J. Opt. Soc. Am. A 1995, 12 
(2), 325-332. 
31. Wang, F.; Gao, Q.; Peng, K.; Li, Z.; Li, Z.; Guo, Y.; Fu, L.; Smith, L. M.; Tan, 
H. H.; Jagadish, C. Nano Letters 2015, 15, (5), 3017-3023. 
32. Bugajski, M.; Lewandowski, W. Journal of Applied Physics 1985, 57, (2), 
521-530. 
33. Kawashima, T.; Imamura, G.; Saitoh, T.; Komori, K.; Fujii, M.; Hayashi, S. J 
Phys Chem C Nanomater Interfaces 2007, 111, (42), 15160-15165. 
34. Perera, S.; Shi, T.; Fickenscher, M. A.; Jackson, H. E.; Smith, L. M.; Yarrison-
Rice, J. M.; Paiman, S.; Gao, Q.; Tan, H. H.; Jagadish, C. Nano Letters 2013, 
13, (11), 5367-5372. 
35. Pemasiri, K. P., S.; Jackson, H. E.; Smith, L. M.; Yarrison-Rise, J. M.; Paiman, 
S.; Gao, Q.; Tan, H. H.; Jagadish, C, Photocurrent Spectroscopy of ZB and 
WZ InP Nanowire Ohmic devices. In APS March Meeting 2013, 2013. 
36. Montazeri, M.; Wade, A.; Fickenscher, M.; Jackson, H. E.; Smith, L. M.; 
Yarrison-Rice, J. M.; Gao, Q.; Tan, H. H.; Jagadish, C. Nano Letters 2011, 11, 
(10), 4329-4336. 
Chapter 5 InP nanowire doping study 
102 
 
37. van Weert, M. H. M.; Wunnicke, O.; Roest, A. L.; Eijkemans, T. J.; Silov, A. 
Y.; Haverkort, J. E. M.; t Hooft, G. W.; Bakkers, E. P. A. M. Applied Physics 
Letters 2006, 88, (4), 043109-3. 
38. Parkinson, P.; Jiang, N.; Gao, Q.; Tan, H. H.; Jagadish, C. Nanotechnology 
2012, 23, (33), 335704. 
39. Maharjan, A.; Pemasiri, K.; Kumar, P.; Wade, A.; Smith, L. M.; Jackson, H. 
E.; Yarrison-Rice, J. M.; Kogan, A.; Paiman, S.; Gao, Q.; Tan, H. H.; Jagadish, 
C. Applied Physics Letters 2009, 94, (19), 193115. 
40. Persano, A.; Taurino, A.; Prete, P.; Lovergine, N.; Nabet, B.; Cola, A. 
Nanotechnology 2012, 23, (46), 465701. 
 
  
Chapter 6 InP nanowire array solar cells 
103 
 
Chapter 6  
InP nanowire array solar cells 
6.1 Introduction 
Based on the nanowire growth and doping study performed in previous chapters, in 
this chapter we further explore the design and growth of p-n junction in InP nanowires 
with the specific application for solar cell devices, the results and understanding of 
which can be further extended to other semiconductor optoelectronic device 
applications such as light-emitting diodes, lasers and photodetectors.1-3  
In recent years semiconductor nanowires have received increasing attention for solar 
cell application, due to 1) the light absorption enhancement because of their intrinsic 
antireflection property; 2) significant cost reduction due to less materials usage; and 3) 
their small footprints efficiently relaxing the lattice-mismatched strain which enables 
the construction of multi-junction solar cells with optimal band gap combinations and 
the growth on different substrate materials such as silicon. Significant progress has 
been made in solar cells fabricated from III-V nanowire arrays.4-11 Especially for axial 
p-i-n junction nanowire array solar cells with the nanowires grown by VLS, 13.8% and 
15.3% efficiencies have been achieved in InP5 and GaAs10. Both axial p-i-n and radial 
p-n junction nanowire array solar cells have been reported using the nanowires grown 
by selective area epitaxy (SAE). The efficiencies of GaAs axial p-i-n junction nanowire 
array,4 InP p-n radial junction nanowire array with AlInP window layer7, and GaAs p-
n radial junction array with InGaP window layer8 are 7.58 %, 6.35 % and 6.63 %, 
respectively. 
Theoretical studies of the light absorption in semiconductor nanowire arrays have 
shown that light absorption depends strongly on the nanowire diameter and length, as 
well as the period of the array.12-14 It has been found that the nanowires with the 
diameter below a certain value will intrinsically feature low short-circuit current which 
cannot be compensated even by increasing nanowire density,13 highlighting the 
importance of the nanowire array geometrical design. Furthermore, for InP nanowire 
array solar cells, it has been shown that by varying the length of the bottom p+-
segment15 and the top n-segment3 the solar cell performance can be optimised, 
indicating the significant of the junction position for efficient light absorption and 
carrier collection in nanowire array solar cells. However, the critical junction 
optimisation for nanowire array solar cells involves not only complicated junction 
Chapter 6 InP nanowire array solar cells 
104 
 
design but also the time-consuming experimental calibration and implementation due 
to the diffusion and growth rate variation during the nanowire growth. In this chapter, 
we design three solar cell structures with different axial junction positions/widths. 
Electron beam-induced current (EBIC) technique is used to facilitate direct 
characterisation of the p-i-n junctions formed in the InP nanowire solar cell structure. 
The optical properties of different solar cell structures are also studied using 
photoluminescence and time-resolved PL (TRPL). Solar cell devices are fabricated, 
characterised and analysed based on the EBIC and optical results, with efficiency up 
to 6% demonstrated. 
6.2 Nanowire array solar cell modelling 
In this section, the optical simulation of GaAs nanowire array was performed to 
optimise the design in terms of height, diameter and spacing. Since GaAs and InP have 
similar light absorption coefficient and energy band gap,16-18 the optical simulation 
result of GaAs nanowires can be used to estimate the optimised geometrical design of 
InP nanowire array for light absorption. 
The optical simulation of nanowire array was performed with three-dimensional 
finite-different-time-domain (FDTD) simulation using Lumerical software. In the 
optical simulation, nanowires were arranged in a square lattice with infinite periodicity, 
as shown in Figure 6.1. A unit cell which contains the information of diameter, spacing 
and height was set up in the software and the boundary was set as “periodic” to 
represent the array arrangement. 
 
Figure 6.1 Schematic of (a) the tilted view and (b) top view of a vertically-aligned 
nanowire array. The orange arrow in (a) indicates the direction of incident light. 
(courtesy of Mr. Zhe Li)  
Chapter 6 InP nanowire array solar cells 
105 
 
  The effect of InP nanowire height on ultimate efficiency has been reported,19, 20 which 
shows the height from above 2 µm has negligible effect on ultimate efficiency, while 
for nanowires with height shorter than 2 µm, longer nanowire length leads to higher 
efficiency. Therefore, nanowire height was fixed at 2 µm in our simulation. Diameter 
and spacing were optimised to maximise light absorption in the nanowire array by 
finding the maximum ultimate short-circuit current density (𝐽𝑠𝑐−𝑚𝑎𝑥) over different 
combinations of diameter and spacing. 𝐽𝑠𝑐 can be calculated using Equation 6.1. 
                                             𝐽𝑠𝑐 = 𝑞 ∫ 𝐼(𝜆)𝐴(𝑟, 𝜆)
𝜆
ℎ𝑐
𝑑𝜆
𝜆𝑔
300 𝑛𝑚
                                           (6.1) 
where 𝜆𝑔 is the wavelength corresponding to the band gap of the semiconductor, I(λ) 
is the AM1.5D solar irradiance,21 A(r, λ) is the position dependent absorptance (in unit 
of m-3). The ultimate efficiency of solar cell can be calculated using Equation 6.2. 
                                                        η =
𝐽𝑠𝑐
𝑞 ∫ 𝐼(𝜆)
𝜆𝑔
ℎ𝑐
𝑑𝜆
4000 𝑛𝑚
300 𝑛𝑚
                                                     (6.2) 
where 𝑞 ∫ 𝐼(𝜆)
𝜆𝑞
ℎ𝑐
𝑑𝜆
4000 𝑛𝑚
300 𝑛𝑚
 is the theoretical limit of  𝐽𝑠𝑐, which assumes that every 
incident photon can excite an electron and hole and all the photogenerated carriers can 
be collected by the electrodes. As shown in Figure 6.2, the nanowire array design for 
strong light absorption (higher than 26 mA/cm2) is at the diameter of 180 nm (±20 nm) 
and pitch of 300 nm (±100 nm). 
In addition to the physical geometry of the nanowire arrays, as mentioned in the 
introduction, the junction position within the nanowires is also important for efficient 
light absorption and carrier collection in nanowire array solar cells. In this section, the 
carrier generation profile within the nanowire was simulated to help guide optimise the 
junction position design in nanowire array solar cells. Based on the optimised diameter 
and spacing, A(r, λ) and the position-dependent carrier generation rate G(r) can be 
obtained. G(r) is calculated by A(r, λ) using the following equation 
                                              G(r) = ∫ 𝐼(𝜆)𝐴(𝑟, 𝜆)
𝜆
ℎ𝑐
𝑆𝑑𝜆
𝜆𝑔
300 𝑛𝑚
                            (6.3) 
where r is the position vector, S is the area of the unit cell. 
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Figure 6.2 𝐽𝑠𝑐−𝑚𝑎𝑥  map as a function of diameter and diameter/spacing for GaAs 
nanowire array. Nanowire length is fixed at 2 µm. (courtesy of Mr. Ian Wenas)  
Figure 6.3 shows the calculated photo-generated carrier profile within a nanowire, 
which corresponds to the light absorption profile inside nanowire. The effects of 
contact layer at the top of the nanowires and the planarization materials filled between 
nanowires are not considered in this optical simulation. As shown in Figure 6.3, the 
highest carrier generation rate is very close to the top of the nanowire, which indicates 
the p-n junction should be placed close to the top of the nanowires in order to maximise 
light absorption.  
 
Figure 6.3 Light generation rate in x-z cross-section for GaAs nanowire. Diameter, 
spacing and height were set as 180, 360 and 2000 nm for this simulation. (courtesy of 
Mr. Ian Wenas) 
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6.3 Experimental 
6.3.1 Structure design, growth and characterisation 
To experimentally investigate the effect of junction position on nanowire array solar 
cell performance and to compare with the simulation results, three InP nanowire array 
solar cell samples with the same array parameters but different electrical structural 
designs have been grown and illustrated schematically in Figure 6.4. It is well known 
that due to background impurity doping, the unintentionally doped InP grown by 
metalorganic vapor phase epitaxy (MOVPE) is normally n-type.22 As shown in Chapter 
5, our SAE InP nanowires are grown with a relatively high background doping density 
of ~1017 cm-3, which has to be taken into consideration when designing p-n junctions. 
Therefore, Sample III is designed with very lightly p-doped middle segment to 
compensate the background n doping to move the junction position towards the top of 
the nanowire. Two other traditional designs with p-i-n structure with and without 
substrate contribution are used for comparison. 
 
Figure 6.4 Schematic of the three samples with different p-n junction designs. Due to 
the background impurity doping, the unintentionally doped InP i-region grown by 
MOVPE is normally n-type (also labelled as n-).  
Based on FDTD simulation results, InP nanowire array design with 200 nm diameter 
nanowires arranged in a hexagonal array with 400 nm spacing was chosen to achieve 
good light absorption, which is very similar to the array design reported in Ref. [5]. 
The detailed growth procedures have been discussed in Chapter 5. For n-doped 
segment, silane was introduced during the growth at flow rate of 3.1×10-7 mol/min. 
The flow rates of diethylzinc (DEZn) are 2.5×10-7 and 2.0×10-5 mol/min were used for 
p- and p-doped segment, respectively.  
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Figure 6.4 shows the schematic of Samples I (i-n+), II (p-i(n-)-n+) and III (p-i(p-)-n+). 
Sample I was grown with an undoped section for 7 min on the p+ substrate followed 
by a heavily n-doped section for 2 min. Samples II and III both have three segments. 
Sample II shows the InP nanowire array with a p-doped section (1.5 min) firstly grown 
on the p+ substrate followed by an undoped section (5 min) and a heavily n-doped 
section (1.5 min). Sample III was grown with a p-doped section (1.5 min) on the p+ 
substrate followed by a lightly p-doped section (5 min) and a heavily n-doped section 
(1.5 min). The doping concentrations of both n-doped and undoped sections were 
calibrated based on the optical method as demonstrated in Chapter 5,23 while the 
doping concentration of the p-doped segments in Sample II and Sample III was 
difficult to be determined. As mentioned in Chapter 5, it is difficult to characterise the 
doping concentration of our Zn-doped InP nanowires using the optical method, 
implying that our Zn-doped InP nanowires may be only lightly doped (< 1×1017 cm-3) 
due to the relatively high growth temperature of 730 ºC used for the nanowire growth. 
 
Figure 6.5 (a) SEM image at 45° tilt view of the as-grown InP nanowires from Sample 
II. Inset shows the top view SEM image. HRTEM image taken along [-2110] zone axis 
from (b) p-doped, (c) undoped, (d) n-doped regions in a typical Sample II nanowire. 
Figure 6.5a shows the scanning electron microscopy (SEM) image of the nanowire 
array taken from Sample II. The typical diameter of all the nanowires is ~200 nm and 
the average length of the nanowires is ~ 1.4, 1.5, 1.8 µm for Samples I, II, III, 
respectively. Based on previous doped nanowire length calibration, for Sample I the 
lengths are estimated to be 1080 and 320 nm for i and n segments, respectively. The 
lengths of p, i, n+ segments are estimated to be 350, 870 and 280 nm, respectively for 
Sample II while Sample III has p, p- and n+ segments with the lengths of 350, 1170 and 
280 nm, respectively. It is likely that p-doping affects the growth rate leading to a 
longer p--doped segment in Sample III. Figure 6.5b-c show three typical high 
resolution transmission electron microscopy (HRTEM) images from p-doped, 
undoped and n-doped regions in a typical Sample II nanowire. The nanowire has a pure 
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wurtzite (WZ) crystal phase with no stacking faults being found along the nanowire. 
Pure WZ crystal phase has been confirmed for Sample I and Sample III as well.  
6.3.2 Device fabrication 
Samples I, II and III were fabricated into solar cell devices through a series of steps. 
Firstly, nanowires were planarized with a transparent resin benzocyclobutene (BCB) 
by spin-coating, as shown in Figure 6.6a. To enhance the adhesion between BCB and 
the sample, an adhesion promoter (AP 3000) was first spin-coated at 300 rpm for 5 s 
and then at 3000 rpm for 20 s, followed by spin-coating of BCB at 500 rpm for 5 s and 
then at 6000 rpm for 120 s. After spin-coating, the samples were soft cured at 100 °C 
using hotplate for 2 min. Then hard baking was carried out in a vacuum oven. The hard 
baking temperature was gradually increased from room temperature to 250 °C over an 
hour, followed by another 2-hour baking at 250 °C. The BCB planarization result will 
be shown in Section 6.7. It was found that BCB planarization is non-uniform. Several 
methods have been tried to improve the BCB planarization uniformity such as 
optimising the spinning speed or using diluted BCB, but the results were still not ideal. 
After BCB planarization, inductively coupled plasma reactive ion etching (ICP-RIE) 
was used to uncover the nanowire tips for top-contact, as shown in Figure 6.6b. The 
deposition of transparent contact ITO (~500 nm) using sputtering technique and Ti/Au 
contact (10 nm/200 nm) using electron-beam evaporation are shown in Figure 6.6c and 
6.6d, respectively. The experimental details of ICP-RIE and electron-beam 
evaporation have been discussed in Chapter 2.  
 
Figure 6.6 Schematic of the processing sequence used for fabricating InP nanowire 
array solar cells. (a) Planarization of nanowires with transparent resin (BCB) by spin-
coating. (b) Inductively coupled plasma reactive ion etching (ICP-RIE) of the nanowire 
tips for top-contact fabrication. (c) Deposition of transparent electrode (ITO) by sputter 
deposition. (d) Deposition of top and bottom electrodes (Ti/Au) by electron beam 
evaporation. The top electrode is deposited on top of ITO in a small area (outside the 
nanowire array) for external connection. 
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6.4 EBIC measurement 
EBIC measurements were carried out on these three nanowire array solar cell 
structures to provide a direct visualization of the p-n junction width and position. The 
measurements were performed in FIB system equipped with Kleindiek NanoControl 
NC40 nanomanipulators and low current measurement units. The top electrode and 
bottom electrode of the sample were contacted to the nanomanipulator and sample 
stage respectively, allowing electrical current to flow and pass through a current 
amplifier. An indium tin oxide (ITO) layer was deposited on top of the nanowire array 
by glancing angle sputter coating to obtain a complete coverage of ITO only on the tip 
of the nanowires (only the n-region) to enable good electrical connection. This method 
has been developed for contacting the nanowire tips to avoid nanowire planarization. 
EBIC measurements were also attempted on a fully planarized working device with a 
vertical cross-section (along the axial direction of the nanowire) prepared by the FIB 
technique. However, extremely weak EBIC signal was obtained which may be due to 
the ion beam damage or incomplete removal of planarization material BCB from 
nanowire surface during cross-sectioning process. 
EBIC measurements were performed under the SEM column at 1 kV with a beam 
current of ~ 86 pA. Figure 6.7 shows the scale drawing of electron trajectories in InP 
using CASINO simulation software.24 The maximum penetration depth of electrons in 
the sample is calculated to be below 30 nm at 1 kV, which is much smaller than the 
diameter of the nanowire. Therefore, electron beam bombarding the side of one 
nanowire cannot penetrate other nanowires. During the measurements, the nanowire 
samples were unbiased, such that the EBIC signal is due to the separation of the 
electron beam generated nonequilibrium carriers by the built-in field of the junction 
and the diffusion of minority carriers from each side of the p-n junction across the field. 
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Figure 6.7 Electron trajectories in InP at 1 kV calculated using the Casino software.  
Figure 6.8 shows the SEM images (the first column) and their corresponding EBIC 
images (the second column) measured from Samples I, II and III, in comparison with 
the electric field distribution profiles determined by electrical simulation (the third 
column). The electrical modelling is based on drift-diffusion model and was conducted 
with COMSOL Multiphysics to simultaneously solve Poisson's equation for the 
electric potential, and two continuity equations for electrons and holes, respectively.25 
As mentioned earlier, our undoped InP nanowires are normally n-type with a doping 
concentration of ~1×1017 cm-3.23 Therefore, from the EBIC image of Sample I (Figure 
6.8b) a bright contrast can be observed at the nanowire/substrate interface, which is a 
clear indication of the built-in electric field formed between the n-type nanowire and 
p-type substrate. Some regions with weaker contrast above the bright region in the 
nanowire and on the substrate in-between the nanowires can also be clearly identified, 
which could be due to the minority carrier (electrons in this case) diffusion from the 
substrate. The electric field distribution in the nanowire array solar cell device was 
estimated using electrical modelling based on a doping profile of highly doped p+ 
substrate (5×1018 cm-3)-i (n- ~ 1017 cm-3)-n+ (3×1018 cm-3). The simulation results in 
Figure 6.8c show the formation of the electric field within the nanowire as a result of 
high p+ doping in the substrate and lower n doping in the nanowire. The electric field 
with an estimated depletion width of ~ 135 nm is from the nanowire/substrate interface 
which agrees well with what is observed from EBIC measurement.  
Figure 6.8d and 6.8e show the SEM image of Sample II and its corresponding EBIC 
image, respectively. As displayed in Figure 6.8e, a bright contrast can be observed in 
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the middle of the nanowire, which indicates that the built-in electric field was formed 
between the undoped (n-) segment and bottom p-type segment. A small nanowire-
substrate junction contrast can also be observed due to the lower p-doping achieved in 
the nanowire compared to the substrate. Between these two junctions, a slightly weaker 
EBIC signal is also obtained, which can be ascribed to minority carrier diffusion 
current, i.e., arising from the electron beam generated electrons that diffuse towards 
the i(n-)-segment/p-segment junction. The result shown in Figure 6.8f indicates the 
formation of the electric field region with an estimated depletion width of ~ 110 nm in 
the nanowire based on an n- (1017 cm-3)-doped nanowire/p (~5×1016 cm-3)-doped 
segment, which is consistent with what is observed from EBIC measurement.  
By lightly p-doping the middle segment, Sample III has a depletion region which is 
closest to the top of the nanowires as evidenced by the bright contrast of the EBIC 
signal shown in Figure 6.8h. There are also two regions with less contrast being 
observed from each side of the junction, which can be attributed to the electron beam 
induced minority carrier diffusion. A depletion width of ~ 300 nm in the nanowire 
(across the p-/n+ interface) is estimated using electrical simulation based on a doping 
profile of p (5×1016 cm-3)-i (p- ~ 1×1016 cm-3)-n+ (3×1018 cm-3), as shown in Figure 6.8i, 
which is consistent with the EBIC measurement shown in Figure 6.7h. The EBIC 
results suggest that Sample III has the most promising junction design with a longer 
depletion region produced closer to the top of the nanowire (just below the n+ segment) 
which enables an effective light absorption. 
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Figure 6.8 (a-c), (d-f) and (g-i) present the results from the study of junction width and 
position for Samples I, II and III, respectively. (a), (d) and (g) are SEM images at 1 kV. 
The ITO deposited on top of InP nanowire arrays using glancing angle sputter coating 
can be clearly observed in each image. (b), (e) and (h) are the corresponding EBIC 
signals of Samples I, II and III, respectively. Red curves are the relative EBIC intensity 
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along the centre of each nanowire. (c), (f) and (i) are electric field simulation results of 
Samples I, II and III, respectively. The scale bar is 500 nm and all micrographs have 
the same magnification. 
Minority carrier diffusion length is another important parameter indicating carrier 
collection probability of solar cells. Figure 6.8 shows the EBIC line profile for Samples 
I, II and III respectively, which was extracted from the EBIC results shown in Figure 
6.8. The carrier diffusion lengths for holes (Lp) and the carrier diffusion lengths for 
electrons (Ln) were extracted by exponentially fitting the EBIC signal as a function of 
the illumination position along the nanowire using Equation 6.4.26 
                                                     I = 𝐼0𝑒
−𝑥/𝐿                                                          (6.4) 
where I is the EBIC signal intensity, I0 is the maximal intensity, and x is the distance 
from the junction. As shown in the Figure 6.9, Lp of 553 and 193 nm were extracted 
on the undoped i-side (n-) for Sample I and Sample II respectively. Ln was extracted to 
be 228 nm on the p--side for Sample III. It has been found that surface recombination 
plays an important role on the carrier diffusion length in both Si27 and III-V nanowires. 
The relatively short Ln could be due to a stronger surface recombination as a result of 
the surface band bending in the p-type segment28 in Sample III. Compared with 
previously reported p-n InP nanowires which have Ln and Lp of 160 and 65 nm (the 
doping concentration for p-doped and n-doped segments with carrier concentration of 
5×1018 and 1×1019 cm-3, respectively),29 the longer Ln and Lp obtained from our 
nanowire array solar cell structures may be due to the much lower doping concentration 
as well as the defect-free pure WZ crystal phase of the nanowires. 
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Figure 6.9 EBIC signal intensity profile along the nanowire for (a) Sample I, (b) 
Sample II and (c) Sample III, respectively. Carrier diffusion lengths are extracted by 
analysing the exponential decay of the EBIC signal. The position 0.0 µm represents 
the top of the nanowire. 
6.5 Optical properties 
The optical quality of these three samples was characterised using micro-PL and TRPL 
measurements before solar cell device fabrication and characterisation. Single 
nanowires were mechanically transferred from the array to a SiNx-coated Si substrate 
for the measurement. The PL and TRPL setups have been discussed in Chapter 2. 
Figure 6.10 shows the room-temperature PL spectra of single nanowire from Samples 
I, II and III. All spectra feature a peak with a shoulder at higher energy, which can be 
fitted with two Gaussian peaks at the energy of 1.42 and 1.44 eV, respectively. The 
Gaussian fits for normalised PL spectra from the three samples are shown in Figure 
6.10b-d. The lower and higher energy peak are attributed to the band edge emission (A 
Band) from WZ InP nanowires and the split off valence band (B band), respectively.30, 
31 The PL spectra are normalised to the peak intensity of Sample I. It can be seen that 
Sample I exhibits the highest PL peak intensity and Sample III shows the lowest PL 
peak intensity. The full width at half-maximum (FWHM) of Sample I, II and III are 
32, 41 and 47 nm, respectively. 
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Figure 6.10 (a) Typical room-temperature PL spectra of single nanowires from 
Samples I, II and III. Normalised PL spectra and fitting with two Gaussian curves from 
(b) Sample I, (c) Sample II and (d) Sample III, respectively. 
The room-temperature minority carrier lifetimes were extracted from single 
nanowire samples by fitting their TRPL spectral decays. For Sample I and Sample II, 
the TRPL decay can be fitted well with mono-exponential decay, as shown in Figure 
6.11a, with minority carrier lifetimes of 1.64 and 1.37 ns, respectively. For Sample III, 
an initial sharp decay followed by a much slower decay rate has been observed, which 
may be attributed to strong band bending at the nanowire surface due to p-type doping, 
where electrons can be trapped and recombined with extrinsic holes.28 Hence for 
Sample III, a minority carrier lifetimes of ~1.22 ns is obtained from the slow decay 
portion of the curve. Again compared with Sample I, the minority carrier lifetimes in 
Samples II and III are found to be reduced. 
In addition, internal quantum efficiency (IQE) gives a quantitative estimation of the 
optical quality of a material, which can be used to predict the performance of 
optoelectronic devices.32 The IQE for nanowires from Samples I, II and III were 
measured using the method as described in Chapter 5.23 Figure 6.11b shows the PL 
integrated intensity as a function of excitation power. By fitting these data using the 
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Equation 6.5,23 the IQE can be extracted according to IQE = 𝑛𝑟𝑎𝑑/𝑛𝑜, as shown in 
Figure 6.11c. 
 
Figure 6.11 (a) TRPL decays measured at the peak emission wavelength of nanowires 
from Samples I, II and III. (b) PL integrated intensity as a function of excitation power 
from typical nanowires from Samples I, II and III. The data points are experimental 
data and the curves are provided from fitting the experimental data using Equation 6.5. 
(c) The IQE as a function of excitation power from Samples I, II and III. The curves 
are calculated from fitting the carrier rate equation using the optical method as 
described in Chapter 5.23 
I(P) ∝ 𝑛𝑟𝑎𝑑 = log (
1+𝑛𝐷
𝑛0
) − log (
1+𝑛0+𝑛𝐷
𝑛0
) + 𝑛0                    (6.5) 
𝑛𝑟𝑎𝑑 is the carrier density involved in radiative recombination, 𝑛0 is the initial carrier 
density that is proportional to incident laser power and 𝑛𝐷 is the doping density in unit 
of 
1
𝐵𝜏𝑛𝑟
, where B is the radiative recombination rate constant and 𝑛𝑛𝑟  is the 
nonradiative recombination lifetime. From Figure 6.11c, the highest IQE has been 
obtained for Sample I (~58%) followed by ~37% for Sample II and only ~26% for 
Sample III. 
As suggested from the above PL (intensity/FWHM), minority carrier lifetimes and 
IQE results, Sample I shows the best optical quality, followed by Sample II and Sample 
III. It is well-known that the PL properties of semiconductor materials are dependent 
on the growth conditions, doping concentrations, and impurity species. The degraded 
optical properties in Sample II compared with Sample I is ascribed to the effect of Zn 
diffusion, which is a well-recognized problem for InP growth by MOVPE, especially 
at high growth temperatures.11 Since Samples II and III were firstly grown with an 
intentionally p-doped segment at a relatively high DEZn flow rate (2.0×10-5 mol/min), 
Zn could outdiffuse from the p-segment and/or due to the “memory effect” in the 
reactor which can lead to Zn incorporation in the middle segment during the growth of 
the middle region. It has been found that33 when InP layers are doped by thermal 
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diffusion, Zn diffusion occurs by an interstitial-substitutional kick-out mechanism34-37 
and consequently the concentration of interstitial Zn atoms is very high. Similarly 
during the MOVPE growth of our Samples II and III, Zn diffusion into the middle 
segment of the nanowire array solar cell structure may likely form some Zn interstitials. 
Indeed Zn interstitials have been identified as the main reason causing a degraded PL 
in Zn-doped InP nanowires.38 Comparing the optical property of Samples I and II, the 
degraded optical properties in Sample III is ascribed to intentional p--doping in the 
middle segment. As we know, p-doping could lead to broadening of the FWHM of the 
PL spectrum due to broadened optical transitions between the conduction and valence 
band, which has been observed in Zn-doped GaAs.39 Furthermore, in terms of carrier 
transport property, it is well known that doping will cause reduced carrier lifetime and 
mobility as a result of ionized impurity scattering.40, 41 Therefore, for Sample III due to 
the introduction of p--doping in the middle segment, further degraded PL intensity, 
FWHM and carrier lifetime compared to Sample II nanowires are observed.  
6.6 EL measurement 
Electroluminescence (EL) is the luminescence observed in a semiconductor diode in 
response to an electric field or current.42 Compared with PL, which is mainly 
determined by the optical properties of the material, EL is determined by a number of 
factors such as the optical properties, the electrical properties, the physical structures 
of the optically active layers and the properties of electrical contacts.43 In this section, 
the detection of EL signal is used to help identify the origin of the photocurrent and 
crystal structures of the optically active layers,15 which can be used to compare with 
our EBIC results.  
Figure 6.12 presents the normalised room-temperature EL spectra of the three solar 
cell devices measured at 2.59 mA, all of which shows strong EL but with different 
peak positions. The spectrum of Sample I displays a peak at 1.35 eV which corresponds 
to the bandgap of zinc blende (ZB) InP. Both Samples II and III exhibit a peak at 1.42 
eV which corresponds to the WZ InP bandgap.44, 45 From Sample I, a bright EL with 
peak energy of ZB InP suggests the strong radiative recombination within the ZB 
substrate. For EL measurement carriers are injected into the substrate/nanowire 
junction, as clearly revealed from the EBIC image in Figure 6.8b. Due to the smaller 
bandgap of ZB InP compared with WZ InP, electrons and holes may easily transfer to 
the lower bandgap ZB InP leading to a clear EL peak at 1.35 eV. Similar result has 
been observed from InP nanowire-based photodetectors with a similar electrical 
structure.15 On the other hand, both Samples II and III have a p-n junction within the 
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nanowire (i.e. further away from the nanowire-substrate interface as shown in Figure 
6.8e, 6.8h) and thus display strong EL peak featuring the bandgap of pure WZ InP 
nanowires. From above, it can be seen that Sample I is a good reference sample which 
validates our junction design and experimental observation (EBIC and EL). However 
since the heavily p+ doped substrate forms an important junction component when 
operated as a solar cell device, it will be difficult to differentiate the contribution of 
photocurrent from the nanowire and the substrate. Therefore, for the rest of the work 
we focus on comparing the device performance for Samples II and III. 
 
Figure 6.12 Normalised EL spectra at 300 K from Samples I, II and III. 
6.7 Device characterisation 
Two-dimensional (2D) photocurrent mapping was performed for Samples II and III to 
examine the photocurrent distribution across the nanowire arrays, as presented in 
Figure 6.13. The measurement was carried out using a WITec alpha300S scanning 
microscopy system. A 532 nm diode laser was focused through a 20×, NA 0.4 objective 
lens with an excitation power of 18.5 nW, and scanned on the device which was 
mounted on a piezo-driven sample stage. The laser beam spot size is around 700 nm 
in diameter. The photocurrent was detected using a Stanford SR570 low-noise current 
pre-amplifier and a Stanford SR830 DSP lock-in amplifier. The excitation power is 
470 nW for I-V measurement. 
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Figure 6.13 2D photocurrent mapping for (a) Sample II and (b) Sample III. The 
photocurrent scale bars in (b) and (d) are in units of nA. 
As displayed in Figures 6.13a and 6.13b which were obtained from a 70 µm × 70 
µm scan from the middle of the solar cell array from Samples II and III respectively, a 
non-uniform photocurrent profile can be observed for both devices. Figure 6.14a and 
6.14e show the Light I-V curves which were measured from three selected areas 
representing high, medium or low photocurrent output in Samples II and III 
respectively, as highlighted in Figures 6.14a and 6.14e. Their corresponding SEM 
images, with the exposed nanowire tips of lengths 11, 4, 60, 7, 52 and 64 nm contacted 
with ITO for region IIA, IIB, IIC, IIIA, IIIB, IIIC, as shown in Figure 6.13. By 
comparing the I-V curves and its corresponding SEM images, it confirms that the 
photocurrent variation originates from thickness variation of the uncovered nanowire 
tips (from ~10 to 500 nm). It is worth mentioning that during device fabrication, the 
uncovered nanowire tips are all covered by subsequent ITO deposition as part of the 
top contacts. Both simulation25 and experimental results5 have shown that the top 
region (~ 500 nm) of a nanowire is the strongest light absorption region of a nanowire 
array with a similar geometry design as this work. Therefore the top contact region of 
a nanowire array solar cell should be made as thin as possible to maximize light 
absorption and carrier generation. Figures 6.13 and 6.14 clearly indicate that for both 
Samples II and III, maximum photocurrent is obtained from regions (IIA and IIIA) 
where the most uniform and shallow etching have been achieved, with only ~ 10 nm 
nanowire tip been exposed by ICP and contacted. The least amount of photocurrent 
has been obtained from the regions that have been over-etched (IIC and IIIC) through 
the whole n+-segment (~280 nm) of the nanowire. Voc = 0.49 V and 0.38 V, Isc = 11.23 
nA and 7.52 nA were obtained from the I-V characteristics from region IIA and IIIA, 
respectively. Despite the fabrication related non-uniformity, it is clear that Sample II 
generates higher photocurrent than Sample III under the same experimental conditions.  
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Figure 6.14 Light I-V curves from Sample II (a) and Sample III (e) measured from 
three selected areas indicated in Figure 6.10. SEM images at 30º tilt view of different 
areas in (b-d) Sample II and (f-h) Sample III after all device fabrication process.  
Finally, the performance of both nanowire array solar cell devices was characterised 
by I-V measurement at 1 Sun @AM1.5 condition. For a more meaningful result, the 
area that does not generate any photocurrent (mainly due to the un-exposed nanowires) 
have been subtracted when calibrating the device area. Figure 6.15a shows the 2D 
photocurrent mapping which were obtained from a 70 µm × 70 µm area scanned from 
a corner of the solar cell array from Sample II. The blue colour in 2D photocurrent 
mapping presents the area with photocurrent value less than 10-12 A, which is around 
the noise level of our system. For device area calibration, the blue area has been 
subtracted to avoid the effect of non-uniformity of uncovered nanowire tips.  
 
Figure 6.15 (a) 2D photocurrent map from Sample II. The photocurrent scale bar is 
in the unit of nA. (b) AM 1.5 J-V curves of Sample II and Sample III based on a 
calibrated device area from the 2D photocurrent mapping. 
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From the J-V results as shown in Figure 6.15b, an open-circuit voltage of 0.65 and 
0.63 V, a short-circuit current density of 13.6 and 11.8 mA/cm2, and a fill factor of 
0.68 and 0.61 were obtained, leading to an overall conversion efficiency of ~ 6.0 % 
and 4.5 % for Sample II and Sample III, respectively. Compared with Sample III, a 
higher efficiency is obtained from Sample II which might be due to its high optical 
quality despite a lower junction position. Despite of the non-optimised junction design 
and device fabrication, the device performance of Sample II is comparable to 
previously reported SAE InP7, 11 and GaAs4 nanowire array solar cells. Based on the 
investigation from this work, it is believed that by improving the nanowire array solar 
cell structural design (i.e., optimisation of the doping and length of p, i and n segment 
based on the EBIC measurement and device simulation), SAE growth (especially for 
p-doped segments) and device fabrication (nanowire array planarization and ICP 
etching), further improvement in performance can be achieved in axial junction InP 
nanowire arrays. 
6.8 Summary 
In conclusion, the nanowire array geometry in terms of height, diameter and spacing 
has been optimised to achieve good light absorption using optical modelling, which 
was performed with FDTD simulation. EBIC measurements combined with electrical 
simulation have been carried out to characterise three InP nanowire array solar cell 
samples with different axial p-i-n junction designs. It is shown that by varying the 
doping profile of the solar cell structures, the junction position and width can be 
adjusted and placed towards the top of the nanowires, where light absorption is most 
significant in nanowire array solar cells. However, it is also revealed that Zn diffusion 
and p-doping can have an adverse effect on the nanowire optical properties. Compared 
with the p-i(p-)-n structure, a higher efficiency is obtained from the p-i(n-)-n sample 
due to its high optical quality despite a lower junction position. This work demonstrates 
that comprehensive understanding of junction design, material growth and device 
fabrication related issues are critical to achieve high-performance III-V nanowire array 
solar cells. By improving the nanowire array solar cell structural design (i.e., 
optimisation of the doping and length of p, i, and n segment based on the EBIC and 
device simulation), SAE growth (especially for p-doped segments) and device 
fabrication (nanowire array planarization and ICP etching), further improvement in 
performance can be achieved in axial junction InP nanowire array solar cells. 
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Chapter 7  
Conclusion 
7.1 Outcomes 
This thesis has explored the growth of InP nanowires using selective-area metalorganic 
vapour phase epitaxy (SA-MOVPE) and their applications in lasers and solar cells. 
The growth of undoped InP nanowires using SA-MOVPE was investigated in 
Chapter 3. A systematic study of the effect of growth parameters on nanowire 
morphology and crystal structure has been demonstrated. The stacking fault density of 
InP nanowires increases with decreasing growth temperature, increasing V/III ratio 
and total precursor flow rate. By optimising the growth parameters, taper-free, pure 
wurtzite (WZ) InP nanowires with perfectly controllable diameters (40-600 nm) have 
been successfully grown. In addition, the fundamental growth mechanisms of selective 
area epitaxy (SAE) of InP nanowires have been studied and a dual growth regime with 
and without metallic droplet is found to co-exist under the same growth conditions for 
different diameter nanowires. The transition between the pure SAE and indium-seeded 
vapour-liquid-solid (VLS) growths is shown to depend on the opening diameter and 
V/III ratio. Highly non-monotonic growth rates and long incubation times are revealed 
and explained within a theoretical model. These new insights solve a long standing 
controversy on the existence or non-existence of metal particles during SAE and also 
brings interesting new possibilities for advanced growth designs. Indeed direct 
confirmation of the metal-seeded SAE growth brings the possibility for crystal 
structure tunability and the advantages of ultra-sharp axial heterostructures known to 
be achievable by VLS, both features being practically impossible using a purely metal-
free SAE. The knowledge brought by this fundamental study has therefore the potential 
to significantly improve the performance of III-V nanowire array devices, such as 
nanowire solar cells and nanowire light-emitting diodes. 
Chapter 4 has dealt with investigations on the optical properties of undoped InP 
nanowires. High internal quantum efficiency (IQE) of ~50%, on par with InP epilayer, 
has been demonstrated in pure WZ undoped InP nanowires along with a long room 
temperature minority carrier lifetime (1.6 ns) and a low surface recombination velocity 
(161 cm/s). In addition, because of the excellent structural uniformity and high IQE, 
low threshold room temperature photonic mode lasing from single undoped InP 
nanowires was obtained under optical pumping. Furthermore, a novel transfer printing 
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technique was developed by our collaborators which can precisely transfer nanowires 
onto heterogeneous substrates. The quality of InP nanowires was not affected during 
the transfer printing processes and lasing emission was achieved after their controlled 
printing onto the different substrates. The ability to achieve room temperature InP 
nanowire lasing combined with the transfer printing technique opens new opportunities 
for nanowire-based device applications across multiple fields, such as on-chip 
communications, sensing and biophotonics. 
A new optical method to characterise nanowire doping was demonstrated in Chapter 
5. The new method combined the use of photoluminescence (PL) and time-resolved 
PL to explore the doping concentration, IQE and nonradiative recombination lifetime. 
Compared to conventional electrical characterisation methods, where contact pads 
have to be fabricated onto the nanowires, this method is contact-free and is able to 
spatially resolve the doping profile along the length of the nanowire. Using this method, 
the doping profile of Si-doped InP nanowires has been studied. However, the doping 
concentration of Zn-doped InP nanowires cannot be extracted using this method, 
implying that the Zn-doped InP nanowires may be only lightly doped (< 1×1017 cm-3) 
because of the relatively high growth temperature. The effect of doping and pattern 
dimensions on the morphology and crystal structure of both Si-doped and Zn-doped 
InP nanowires has been studied in Chapter 5. It was found that doped InP nanowires 
remain pure WZ crystal phase without any stacking faults along the nanowires. 
Controlled doping is a crucial step and key roadblock lifted in the aim of realizing 
nanowire-based devices. 
InP nanowire array solar cells with three different designs have been successfully 
fabricated and characterised in Chapter 6. A novel glancing angle sputtering technique 
to contact the tip of the nanowires without any planarization process has been 
developed. The direct visualisation of the p-i-n junction of three different InP nanowire 
array solar cell structures using electron beam induced current (EBIC) technique has 
been demonstrated. Combining EBIC and electrical simulation results, it is found that 
unintentional background doping in the nanowire array solar cells significantly affects 
the junction position. By modifying the doping profile, the width and position of the 
p-n junction within the nanowire can be controlled effectively. An efficiency of ~ 6% 
has been obtained in the SAE grown axial junction nanowire array solar cell. Moreover, 
the comprehensive investigation on the effects of optical property and device 
fabrication, revealed the critical aspects for improvement in order to achieve high 
performance devices.  
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7.2 Outlook and future work 
In this work, considerable progress in the growth of SAE InP nanowires has been made 
and InP nanowire based devices such as nanowire lasers and nanowire array solar cells 
have been demonstrated and investigated. However there are still a large number of 
challenges and identified research directions ahead. Here we just address a few of these 
possibilities for future work on this topic. 
7.2.1 Growth related challenges 
Firstly, we have shown the co-existence of self-seeded VLS and pure SAE in the same 
growth run. Definitive ‘visual’ proof of the co-existence of these two growth methods 
and more importantly the transition between them could be done inside an in-situ TEM 
facility (small growth reactor/cell placed inside a TEM) to visualise the formation of 
indium droplet for small diameter nanowires and study the growth dynamics resulting 
from a change of growth conditions, directly. Previous studies on the formation of 
different crystal phases have been investigated recently using in-situ TEM in gold-
nucleated VLS-grown nanowires, including in III-Vs.1-3 Using this technique would 
provide key insights into the SA-MOVPE growth mechanism itself. Furthermore, the 
growth of heterostructures in the self-seeded VLS and purely particle-free SAE 
mechanisms are supposed to differ drastically and could be elucidated using this 
technique. Such works which were impossible just a few years ago are now becoming 
feasible thanks to current development of new state-of-the-art hybrid growth/TEM 
systems both with MOVPE and molecular beam epitaxy elements, respectively in Prof. 
Kimberly Dick Thelander’s group in Lund and in Dr Jean-Christophe Harmand’s 
group in Paris. 
Secondly, nanowires grown from relatively large spacing have been observed with 
some deviation from perfect hexagonal cross-section, due to the non-uniform growth 
rate at different facets ({1100} and {2110}). It might be worth to pattern the substrate 
to favour certain facets (i.e. make hexagonal holes) to get homogeneous arrays. 
Changing the oxide mask thickness and/or composition (e.g SiNx) could also favour 
one or the other type of facet. Further study is required to better understand the physical 
origin of such behaviour to then reduce or suppress the non-uniformity of the radial 
growth rate, important for device applications. 
Thirdly, doping has been studied and shown both for n-type and p-type, but it is 
clear that p-doped InP nanowires have low doping concentration. Currently Zn-doped 
InP nanowires are grown at 730 °C, because of the pure WZ nanowire crystal structure 
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is optimised at this temperature. However, it has been shown the Zn would evaporate 
at high temperature. Future work could evaluate crystal phase control at lower 
temperature to enable higher Zn incorporation or the mass flow controller on the DEZn 
line could be physically changed to enable higher precursor flows. Alternative doping 
sources could also be considered such as carbon tetrabromide (CBr4). Finally growth 
of a high In-content p-type doped InGaAs thin top contact layer could drastically 
reduce contact resistances, as is well known for planar and epitaxial regrowth designs. 
In Section 7.2.4, further growth modifications will be mentioned in the context of 
polarity and integration on Si. 
7.2.2 Device related challenges 
Further optimisation on design and fabrication process are required to improve the 
existing nanowire array solar cell performance. For example, it has been shown that 
the solar cell performance can be improved by decreasing the length of the top n-
segment.4 In the future design, we can further reduce the length of top n-segment for 
better light absorption. In the fabrication process, it has been found that 
benzocyclobutene (BCB) planarization is not uniform. Other materials such as 
photoresists are worth trying to replace BCB as the planarization layer.  
7.2.3 Axial/radial InP nanowire heterostructures and 
applications 
All the work presented in this thesis is restricted to binary InP nanowire homostructures 
and their applications. There are a number of semiconductors which are lattice-
matched with InP and several lattice-mismatched materials can be grown on InP 
nanowires due to the small dimension of nanowire geometry which effectively releases 
the strain. For example, InP nanowires grown with a lattice-mismatched window layer 
(AlInP) as a shell has been found to significantly improve the nanowire array solar cell 
performance due to surface passivation effects.5 When combining nanowires with 
multilayers, the band offset serves as a confinement potential that can define a quantum 
well, which can be used in laser diodes.6 In addition, quantum dots embedded in 
nanowires which serves as a resonant cavity are promising for single photon emitter 
applications.7 Axial heterostructures, such as InP-InAsP nanowire grown by VLS 
method has been fabricated into light-emitting diodes (LEDs),8 which are promising 
candidates for electrically driven quantum optics experiments. With optimised crystal 
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structure, axial InP nanowire heterostructures grown by SA-MOVPE are promising for 
high performance nanowire LED or even electrically driven nanowire lasers.  
7.2.4 Nanowires grown on Si substrates 
Due to the low cost, abundance, superior mechanical and thermal properties, Si is 
widely used for microelectronic devices. Growing InP on Si substrates reduces the cost 
and enables the integration of InP based devices with the Si microelectronic technology. 
However, due to the lattice mismatch, thermal expansion coefficient mismatch and 
polarity issues, it is a challenge to grow InP on Si substrate with good quality.9-11  
In principle, the small footprint of nanowires can successfully relax strain which 
allows the growth of InP nanowires on Si substrates. However, SAE InP nanowires 
prefer to grow vertically on InP (111)A substrates. Although Si (111) surface is not 
polar, it has been shown in numerous studies that the growth of InP (including planar 
layers) on Si lead to <111>B-oriented structures, including nanowires. Because of this 
strong preference for <111>A orientation, SAE InP nanowires grow non-vertically on 
Si substrate.12 Since many devices require vertical nanowires grown on substrates, 
growing SAE InP nanowires on Si substrate vertically would open more opportunities 
for achieving high performance optoelectronic devices. Another more advanced step 
would be to favour growth along the [001] direction and integrate these nanowires with 
the mainstream Si (001) technological platform. Progress has been made in tuning the 
growth orientation towards [001], but until now only with gold, which is incompatible 
with Si, and only on III-V substrates to this date.13-16 
One possible method to grow SAE InP nanowires vertically on Si substrate would 
be to prepare substrates with thicker SiOx layer to confine the growth direction of InP 
nanowires during the early stages of growth. Furthermore, it has been reported that the 
growth direction of SAE InP nanowires can change from <111>A to <111>B by 
introducing higher effective flow rate of Zn during the growth.17 It might be possible 
to grow vertical nanowires on Si substrate by introducing surfactants such as Zn, Sn, 
or Sb at the growth initiation stage. Favouring a <111>B nucleation could also be 
possible by tuning the wetting angle of an In droplet as has been shown for other 
material system and challenges regarding unusual crystallographic orientation such as 
Ga pre-deposition for self-seeded growth of GaAs arrays on Si,18 change of growth 
direction to [001] for gold-seeded InP nanowires13-16 or change of polarity from B to 
A for GaAs(Sb)19. The droplet could be suppressed at a later stage when the nucleation 
event has enabled the desired <111>B or even <001> orientation. 
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